ELEC1 ROENCEPRAIOGRAPH iC  AND  Bl OCHEMf CAI 
STUDIES  OF  TAURINE  DURING  INDUCED 


EPI  LEPTI  FOR? 


By 
MICHAEL  HARLEY  THURSBV 


A   D  i  o  S  t  R  T  A  r  i  0  N    P  R  F  S  EMI  E  D   '  r  0   T  H  E    G  R  A  D 1 1 A  T  E    COO  \;  C  I  L    0  F 


IN    PARTIAL    FULI 


It.tJ'-iEMT    OF    TUC    REQiJ !  RrOOENTS    FOR   THc 


OF    P!i !  LOSOPHV 


"  n  7 1> 


1  o  r  i  d  E 


Copyright  By 

MICHAEL  HARLEY  THUR3BY 

1974 


Dorm; 


Michael    Jr.    and    Cathy 


ACKNOWLEDGEMENTS 

The  author  wishes  to  express  his  appreciation  to  Dr. 
Arnold  H.  Nevis  for  his  guidance,,  Inspiration  and  tolerance 
during  this  most  enlightening  period  of  association.  Also 
to  Drs.  D.G.  GriUders,  R.J.  Cohen,  R.  Pep  i  risky  and  J.R. 
Smith  for  their  valuable  suggestions  during  the  past  four 
years  , 

The  author  also  wishes  to  thank  Dr.  A.S.  Blefwelss  for 

the  use  of  his  automatic  amino  acid  analyzer,  and  Mr. 
Michael  Taylor  for  his  assistance  In  operating  the 
analyzer.  Without  their  help  the  quality  of  data  presented 
c o ■  u  1  d  n o t  f"> a v e  be e n  a c h  !  e v e d . 

The   author  also  wishes  to   thank   the   staff  of  the 

University  of  Florida  Testing  Division  for   their   help   in 

converting  the  EEG  scoring  data  to  punched  cards  for 
computer  analysis. 

Finally  the  author  wishes  to  express  his  gratitude  for 
the  understanding  afforded  him  during  the  past  seven  years 
by   his   wife  and  children,  also  to  his  wife  for  the  aid  in 

executing  the  figures  for  this  manuscript* 


( ?  v ) 


This  research  was  supported  In  part  by  National  Science 
Foundation  Grant  GK~2?79  and  also  by  funds  granted  through 
the  Engineering  and  industrial  Experiment  Station  of  the 
University  of  Florida, 


-   "(v) 


TABLE  OF  CONTENTS 

ACKNOWLEDGEMENTS ., .................... (  i  v) 

ABSTRACT .  . . .  . .  . ( v  i  I  ) 

CHAPTERS: 

ONE    !  NTRODUCT  i  ON  ............. ... ...  ]. 

TV/0    HISTORY  OF  THE  ANION  DEFICIT  PROBLEM  AND 
THE  ROLE  OF  TAURINE  IN  CONTROL  OF  BIO- 
ELECTRIC POTENTIALS  ....................  31 

THREE    RAT ! ONALE k 6 

FOUR    EXPERIMENTAL  PROCEDURES  ., ..........  56 

F  i  VE    RESUI  TS  7ti 

S ! X    D I SCUSS  i  ON  AND  CONCLUS I ONS  .............  10k 

BIOGRAPHICAL  SKETCH  ............................  12U 


(vl  ) 


Abstract  of  Dissertation  Presented  to  the  Graduate  Council 
of  the  University  of  Florida  in  Partial  Fulfillment 
of  the  Requirements  for  the  Degree  of 
Doctor  of  Philosophy 


ELECTROENCEPHALOGRAPH! C  AND  BtOCHEMlCAl 
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The  fundamental  molecular  basis  of  bioel ectrici ty,  and 
especially  of  the  electroencephalogram  (EEG)/  has  been 
approached  by  a  quantitative  and  correlative  analysis  of 
the  role  of  taurine  In  suppressing  electrical  hyperactivity 
and  associated  epileptiform  seizures  In  rats.  Taurine  was 
Initially  predicted  to  have  such  an  ant i "-epileptic  effect 
which  was  confirmed  in  the  preliminary  phases  of  this 
study,,  using  quantitative-  electroencephalograph  Ic  and 
behavioral  indices  of  seizure  activity.  The  seizure 
activity  was  control  1 abl y  produced  by  osmotic  agents.  This 
dissertation  describes  the  experimental  relationship 
between  the  endogenous  level  of  taurine  In   the   rat   brain 


arc! 


a   quantitative  measure   of   the  abnormalities  of  the 


Th, 


brain  electrical  activity  during  epileptic   activity, 
brain   taurine  concent  rat  ion  is  measured  at  different  times 
during  the  progress  of  epileptiform  activity  and  these  data 


ivn.' 


are   related  to  the  excitability  rating  of  the  hrain  at  the 
t  ime  of  sacr i  f  i  ce. 

It  is  shown  that  the  hrain  taurine  level  does  not  vary- 
significantly  during  the  progress  of  the  seizure.  However 
there  is  shown  to  be  a  correlation  between  the  level  of 
taurine  that  is  measured  in  the  brain  and  the  excitability 
level  of  the  brain  during  the  pre-setzure  period. 

The  relationship  between  the  "anion  deficit  problem," 
isethionic  acid  (ISA),  taurine  and  brain  excitability  is 
discussed,,  and  the  experimental  data  ore  compared  to  test 
t h e  h y p o t h e s  i  s  t h at  t a u r  i  n e  acts  thro u g h  i  t s  me t a h o  1  i  t e  1  S /> 
t o  alter  the  rest! n g  p o  t  e  n  t  i  a  1  and  h e  n c  e  e  x  c  ?  t  a  b f 1 1 1  y  i  n  a 
manner  predicted  by  the  Teorel  1  --Go'i  dm  an  equation. 
Theoretical  and  practical  implications  of  this  work  on  a 
new  ant  i -epl  1  ept  i  c  agent  are  discusser'. 
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CHAPTER  ONE 
INTRODUCTION 

The   discovery,    isolation   and   Identification  of 
Isethlonic  acld(  ISAMH0CH2CH2S03-)  by   Koechlin   (195*0   as 


the   d  ocfi  I  n  a  n  t   com  po  n  e  n  t   o  f 


the   "an  ion   def i  c I t"   in 


invertebrate  nerve  axons,,  along  with  the  more  recent 
identification  of  ISA's  Immediate  precursor,,  taurine.. 
(+H3NCH2CH2S03-O  as  a  normal  rhythm  stabilizer  In  mammalian 
cardiac  tissue  Head  and  We'ity  (1983)  has  led  us  (and 
Independently  others)  to  predict  and  then  establish  anti- 
epileptic  activities  of  taurine,  Van  Gelder  (1972),  Barbeau 
C 1 9  7  4 )  and  Thursby  and  Nevis  (197(0.  The  metabolic 
relationship  of  taurine  to  I SA  suggests  to  us  that  taurine 
might  influence  the  ionic  balance  in  mammalian  neurons  to 
supress  abnormal  brain  electrical  activity  and  epileptic 
seizures.   Our  prediction  has  been   confirmed   by   us  (and 


aga  i  n   i 


ndependently  by  others)  during  the  'past  four  years. 


me  purpose  or  tnis  dissertation  is  to  describe 
quantitative  relationships  between  normal  and  abnormal 
electroencephalograms  (EEC's)  In  experimental  epilepsy  cym\ 


the  taurine  concentrations  in  the  brain  of  th 


ie  ex  per!  me  re 


rat 


Electrical.  Activity  of .  tfia  Nervous  System 

Historically  a  great  controversy  developed  between  two 
scientists  of  the  1700*5,  Nicola!  Volta  ar)d  Lulgi  Gal  vans, 
as  to  the  origin  of  muscle  activity  In  frogs5  legs  hung 
from  a  metallic  rack.  Volta  insisted  it  was  due  to 
chemical  processes  as  a  result  of  the  tissue  electrolytes 
and  the  metal  rack.  Gal  van!  explained  the  phenomena  by  the 
presence  of  an  "animal  electricity."  in  reality  they  were 
both  correct  and  eventually  their  observations  would  lead 
to  the  inception  of  the  field  of  electrophys iology  and  the 
invention  of  the  Voltaic  Pile,  Their  work  was  perhaps  the 
first  interaction  between  biologists  and  physicists  and  was 
perhaps  the  first  application  of  biophysics  to  the 
understanding  of  the  biological  realm,.  Furthermore  these 
"animal  electricity"  studies  eventually  led  to  the 
development  of  classical  electromagnetic  theory  as 
developed  by  Faraday  and  Maxwell'/  end  their  applications  in 
electrical  engineering  as  initiated  by  Hertz,  Heavys'de  and 
other's  . 

This  early  "animal  electricity"  work  undoubtedly 
Influenced  Bernstein  in  his  remarkable  prediction/  the 
cytoplasmic  hypothesis/  where  with  little  direct  physical 
evidence  he  deduced  that  there  existed  an  electrolytic 
solution  on  the  Inside  of  the  cell  (called  the  cytoplasm), 


which  was  surrounded  by  a  membrane  (called  the  cellular 
membrane).  Bernstein  also  predicted  that  the  conduction  of 
the  nerve  impulse  was  due  to  ionic  fluxes  across  the 
membrane.  Both  of  his  predictions  were  much  later  proven 
to  be  remarkably  accurate,  as  generally  accepted  by  modern 
el ectrochemi sts  and  neurophyslol ogi sts .  Neminski  in 
Russia,  and  Caton  in  the  United  Kingdom,,  were  probably 
influenced  by  Galvani's  work  which  led  them  to  the 
measurement  of  animal  brain  electrical  activity.  These 
measurements  seem  simple  in  light  of  today's  technology; 
however,  when  considered  in  view  of  the  fact  that  no  means 
o  t.  h  e  r  t  h  a  n  m  e  c  h  a  n  c  I  a  1  a  d  v  a  n  t  a  g  e  e  x  I  s  t  e  d  f  o  r  t  h  e 
amplification  of  the  feeble  electrical  signals  it  seems 
remarkable  that  they  were  able  to  record  the  small  changes 
at  all.  These  measurements  were  indeed  made  with  the 
mechanical  advantage  gained  through  the  use  of  the  string 
galvanometer.  Bernstein's  basis  for  the  early  ionic- 
membrane  theory  of  bioelectric  J ty,  included  the  ionic 
theory  of  Arrhenius  and  Ostwald  and  the  studies  on 
"permeabfl ity"  and  osmosis  by  Overton  and  others, 

Hoeber  was  the  first  experimentalist  to  verify 
Bernste in 's  hypothesis  by  carving  out  several  enlightening 
experiments.  He  measured  the  low  (1  kHz)  and  high  CIO  mHz) 
frequency  resistances  of  the  red  blood  cell  suspensions. 
In  addition  a  suspension  of  red  blood  cells  was  treated 
with  a  solution  to  break  down  the  membrane  and  the   low  'and 


high  frequency  measurements  were  made  again;  the  results 
showed  that  at  low  frequencies  the  suspension  of  Intact 
cells  showed  a  higher  resistance  than  the  haerno'lyzed 
cells  and  that  the  latter  showed  similar  resistivity  to 
that  of  the  high  frequency  measurements,  These  experiments 
indicated  that  the  red  blood  cell  was  covered  with  a  thin, 
high  resistance  membrane  and  that  indeed,  as  Bernstein  had 
predicted,  there  existed  an  internal  solution  of  low 
r e s  t  i  v  ?  t  y  (•*■  2  0  0 *c m ) . 

In  some  very  advanced  measurements  for  the  time,  Frlcke 
measured  the  capacity  of  dog  blood  at  8  7  kHz  and  found  it 
to  be  0.81  />f  per  square  centimeter.  Then  using  a 
dielectric  constant  of  three  he  was  able  to  estimate  the 
thickness  of  the  membrane  to  be  33  K.  This  gave 
researchers  the  first  usable  measure  of  the  thickness  of  a 
cell  membrane,  but  early  morphol ogis ts  rejected  this  view. 
Only  with  the  advent  of  electron  microscopy  in   the   IQ^O's 


an 


a :  >.  -.i     _/ 


O's  was  this  view  confirmed.   (W.J.  Schmidt  had  real 


confirmed  these  concepts  using  polarization  microscopy   in 
■the  1930fs,  but  this  too  was  considered  too  indirect,) 


These  founding  fathers  of  membrane  function  studies 
along  with  people  like  Sherrington  and  Raymond- Y-Cajal  in 
neurophysiology  gave  the  broad  base  necessary  to  initiate 
the  study  of  the  nervous  system  on  both  a  cellular  and 
subcellular   level   as  well   as   from  a   system  approach,, 


Recently,.  Ling  (1973)  and  his  school  Goldsmith  and  Damadian 
(1974)  have  attempted  to  challenge  the  "membrane  theory  of 
bioelectric i ty,"  but  their  views  are  not  widely  accepted  as 
they  appear  to  omit  some  of  the  observations  and  valid 
conclusions  of  both  earlier  and  later  workers,,  such  as 
C o  i  e ,  H o d g k  i  a  a n d  H u x ley,.  K e y n es,  a n d  T e o r ell.  R e d u c a d 
ionic  mobility  In  dense  protein  solutions  produced  by 
'•'bound  water"  appears  to  effect  this  problem  of  the 
physico-chemical  basis  of  the  "animal  electricity,"1  These 
elements  will  be  considered  in  the  formulation  of  the 
present  hypothesis  concerning  the  role  of  organic  anions  in 
mamma  1  Ian  bra  i n . 

Physiology  an d  Apat.omv  of  the  Mammalian  Brain 

As  was  Indicated  above,  the  EEG  is  thought  to  reflect 
changes  in  slow  potentials  (postsynaptic  potentials)  in 
cortical  structures  and  predominantly  in  the  apical 
dendrites  of  the  pyramidal  cells  in  layer  four.  In  this 
section  these  structures  will  be  considered  briefly  and 
their  ability  to  produce  electrical  potentials  will  be 
discussed.  Application  to  the  mammalian  brain,  will  be 
stressed,  and  appropriate  comparison  of  rat  brain  to  human 
brain  made  when  necessary. 


Gross,  Anatomy 

The  outer  surface  of  the  brain  Is  covered  with  a 
blanket  of  cellular  tissue  (the  cortex)  2  mm  thick  In  rats 
and  6  mm  thick  in  man,.  ft  Is  in  this  grey  matter  that  many 
cell  bodies  of  the  neurons  of  the  brain  are  located.  Many 
other  cell   bodies   are   located  In  subcortical  regions  In 


clusters  called  "nuclei,,'  such  as   the   basal   ganglia 


a  n  o 


various  nuclei  In  the  brain  stem.  From  Figure  1-1,  it  can 
be  seen  that  there  are  different  cortical  layers  of  cell 
bodies  which  neuroanatom I s ts  generally  classify  Into  six 
layers.  The  following  is  a  brief  description  of  the  six 
layers  of  the  cortex. 


Layer  one  consists  of  the  uppermost  segments  of  the 
apical  dendrites  of  the  pyramidal  cells  as  well  as  the 
horizontal  cells  and  some  short  axon  cells.  This  fs  where 
It  Is  believed  that  the  EEG,  at  least  In  part,  originates, 
In  the  beginning  of  the  apical  dendrites  of  the  pyramidal 
cells  whose  bodies  He  deeper.  Layer  tv/o  contains  the  more 
proximal  portions  of  the  same  dendrites,  along  with  some  of 
the  pyramidal  cell  bodies  ,  while  layers  three  and  four 
contain  most  of  the  pyramidal  cell  bodies.  En  layer  four 
are  some  of  the  axon  hi!  iocs  of  the  pyramidal  cells  along 
with  the  dendrites  of  the  stellate  cells  and  other 
interconnecting  neurons  and  fibers.  The  ascending  fibers 
travel   somewhat   obliquely   through   this  layer.   The  next 
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ie    Six    Layered    Cortex 


level,  layer  five,  is  characterized  by  the  deepCsmal 1 er) 

pyramidal  cells.  While  layer  six  Is  predominantly  made  up 
of  the  spindle  cells.  There  is  some  overlap  and  of  course 
astrocytes  and  ol igodendrogl f al  cells  are  present  in  all 
layers,,  The  latter  are  most  dense  in  the  "deeper"  white 
matter  which  is  almost  exclusively  composed  of  myelinated 
fibers.  The  specific  afferent  fibers  from  the  thalamus 
Impinging  upon  the  dendrites  of  the  stellate  eel  1 s (51- type  5 
of  layer  four  and  in  turn  the  axons  of  these  cells  through 
cartridge  synapses  established  around  apical  dendrites  form 
the  connection  with  the  pyramidal  cell.  Other  complex 
communications  occur  involving  various  layers,  Everett 
(1967),  the  above  is  a  simplified  but  useful  description  of 
the  system. 


JiiiyjLLQjj ;)  £,y_~j^1™^  Ce.l  r\ 

Neuronal  anatomy 

Morphologically  all  tissue  is  composed  of  cells,  in 
the  present  discussion  we  are  concerned  with  the  cells  of 
the  brain.  They  consist  of  neurons  and  the  associated 
glial  cells.  We  will  focus  on  how  the  cells  and  their 
chemical  constituents  effect  the  electrical  waves  of  the 
brain  or  the  "  e 1 ect roencepha 1 ogram,  n 


J_hjg resting  potenflal 

Early  measurements  of  the  resting  potential (  and  the 
closely  related  injury  potential)  were  made  by  Cowan ( 193 k) 
who  reported  that  the  potential  between  a  point  of  injury 
and  the  normal  axon  membrane  in  a  non-medul lated  crab  nerve 
(ft1a.,Ja. )  was  30  mV.  Other  similar  measurements  ranged  from 
10  to  more  than  kO  mV.  The  "true"  resting  potential  was 
eventually  measured  by  Curtis  arid  Cole  and  also  Hodgkln 
and  Huxley  who  used  a  fine  capillary  mfcroe lee  trade 
Inserted  Into  the  axon  and  an  external  electrode  to  measure 
the  actual  trans-membrane  potential.  Both  groups  reported 
values  around  61  mV  for  invertebrate  fibers. 

Chemical   analysis  of  extracellular  fluid  and  axoplasm 

for  Invertebrate  fibers  was  carried  out  by  Bear  and  Schmltt 
(1939)  and  the  results  are  shown  in  Table  1-1,  These  data 
represents  the  first  direct  quantitative  measure  of 
electrolyte  content  for  any  nerve  cell.  This  pacer  also 
provided  the  first  deflnative  statement  of  the  "anion 
deficit  problem."  This  work  tended  to  verify  Bernstein's 
hypothesis  and  further  provided  a  value  for  calculation  of 
the  theoretical  membrane  potential.  Later/  in  Schmlttrs 
laboratory,  Koechlln  (1955)  Identified  Isethlonlc  acid  as 
the   major  organic  anion  in  squid  axoplasm.  Table  1-2  shows 


his  results.   Using  Koechltn's  results  with   the 


core  i  I  - 


Goldman   equation"  we  can  calculate  a  membrane  potential  of 
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FIGURE  1-2   The  Nerve  Cel 1 
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FIGURE  1-3   The  Nerve  Muscle  F reparation 


TABLE  1-1 
Chemical  Constituents  of  Squid 
(Bear  and  Schmi tt ( 1939 ) ) 


Substance 
Total  Base 


Ax op] asm   Blood 


Sea  Water 


CI 

lotal  Base-K 
(Chiefly  Na) 
Total  Base-Cl 
(Anion  Deficit)  kc)0 
Total  Base+Cl 
(total  Ions 
Anal yzed) 

All  Values  in  meg 
Kern 


60  0 

C  ~1  f\ 

o  /  U 

5  40 

310 

17 

12 

130 

5  30 

510 

310 

55  0 

530 

k  9  0 

no 

3  0 

7  ir  a 

1200 

1050 

TABLE  1-2 

i o n i  c  ( ! o n  s 1 1 1  u e n t s  of  Squid  A x o p 1  a  s m 
(Koechl in  (1955)) 


An  ions 

CI 

Phospha re 

A  s  p  a  r  t  a ':  e 

Gl  utarnate 

F una  rate 

Succ i nate 

Pol  yea  rboxyl a te 

f  seth ionate 


Cat  ions 

140 

K. 

3  44 

24 

Ma 

65 

65 

Ca 

7 

10 

Organ ?  c 

2  0 

15 

Base 

84 

35 

2  20 

Total 


5  0  9  meci    1  o  t a  1 
Kg  in 


520  meg 
Kgm 
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the  frog  Figure  1-3:.  With  this  preparation  an  electrical 
stimulus  Is  applied  to  a  distal  nerve  segment  and  two 
responses  sre  shown.  First  a  series  of  electrical  Impulses 
are  propagated  along  the  axon  and,,,  secondly,  a  mechanical 
response  is  seen  In  the  contraction  of  the  muscle.  This 
demonstrates  the  cause  and  effect  relationship  of  the 
single  nerve  bundle  muscle  system.  The  propagation  of  the 
impulse  along  a  fiber  has  been  studied  by  Kodgkln  and 
Huxley  (1952)  in  their  laboratories  and  a  phenomenol oglcal 
description  of  the  processes  that  go  on  In  the  propagation 
of  the  Impulse  has  been  set  down.  Also  an  analogy  has  been 
developed  for  the  processes  of  conduction  which  follows  a 
set  of  differential  equations. 

The  Hodgkln  and  Huxley  description  of  the  propagation 
of  the  action  potential  begins  with  a  resting  membrane 
whose  permeability  to  sodium  ions  Increases  rapidly  with 
t h e  pro p e  r  s  1 1  m u  1  u. s  a n d  t h e n  d ecrease  s  mo  re  s  I  o w  1  y  .  At  t h e 
peak  of  the  sodium  permeability  a  second  effect  begins. 
The  potassium  permeability  Increases  and  counteracts  the 
effect  of  the  continuing  sodium  current,  thus  returning  the 
voltage  to  the  resting  state,  this  variation  combines  to 
form  the  action  potential  Figure  1-li  , 
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T I me  ! n  Mi  11  I  seconds 


FIGURE  1-4   The  Action  Potential 


5  3m  V ,  T  h  I  s  v a  1  u  e  c  om  p  a r e  s  fa  v  o r a b 1 y  with  t he  me  a  s  u  r e  d 
potential  found  by  Hodgkln  and  Huxley  (19*i5)  and  Curtis 
and  Cole  (19^-2),  Thus  the  resting  potential  is  determined 
to  a  large  extent  by  the  concentration  differences  of 
potassium  and  to  a  lesser  extent  chloride  and  sodium  across 
the  axon  membrane.  in  addition  to  the  presence  of 
inorganic  ions  the  presence  of  a  non-diffusible  organic 
an! or)  may  influence  the  membrane  potential  by  several 
methods.  Including  the  alteration  of  the  concentration  of 
"free"  cations  available  for  contribution  to  the  membrane 
potential,  provision  of  a  non-cl !  f  f  us  Ibl  e  species  to  affect 
t  h e  G i b  b  s - D o  n nan  e  q u 1 1  I b  r I u m  a n d  t  h u  s  c  h a  n g  i  n g  t  h  e  N e  r n  s  t 
potential  across  the  membrane,  or  by  a  method  of  changing 
the  permeability  of  the  membrane. 

Act; .ton  potential 

The  axon  as  the  "transmission  line"  of  the  nervous 
system  must  be  capable  of  effecting  changes  at  one  end  of  a 
nerve  which  may  be  as  far  away  as  a  meter  from  the  site  of 
the  initiating  stimulus  (_e. g...  the  motor  fibers  in  the 
leg).  To  transmit  the  Information  along  the  axon  a 
sequence  of  electrical  impulse  Is  generated  and  propagated 
along  the  axon,.  Tims  phenomenon  has  been  the  focus  of  many 
studies  on  large  single  axons  (from  invertebrates  like  the 
squid),  A  good  example  of  a  nerve  impulses  can  be  seen 
with  a  nerve  muscle  preparation  from  the  sciatic   nerve   of 
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The   nerve   cell   is   composed  of  several  anatomically 
distinct  parts:  the  soma  or  cell  body  is  believed  to   house 
most   of   the  biochemical  processes  that  are  involved  with 
the  survival  of  the  neuron,  the  dendrite   forms  the  primary 
input;   pathways   for  electrical   signals   Impinging  on  the 
cell,  the  axon  hillock  and  axon  function  as   the   initiator 
and  transmission  line  respectively  for  the  nervous  Impulse. 
This  electrophystologtcal-anatomlcal   system   (shown    In 
fIgurel-2)  is  the  basis  for  communication  between  the  cells 
of  the  brain  and  the  motor  and  sensory  organs.   The  primary 
site   of   the  electrical  activity  of  the  neuron  is  the  cell 
membrane  as  conclusively  shown  by  many  physical   techniques 
(mlcroelectrodes,  radio-tracers, etc. ) .   The  ability  of  this 
membrane   to   control   ion   concentrations   by   selectively 
allowing   passage  of  specific  Ions  to  one  side  or  the  other 
as  first  proposed  by  Bernstein  C1868),  and   later   modified 
by  Hodgkln   and  Huxley  (1952),  is  seen  In  both  the  "action 
potential"  and  the  "resting  potential'^  nerve  impulses   and 
slow  waves  such  as  post  synaptic  potentials),  Brock,  Coombs 
and  Eccles  (1952).   Many   experimental   data   have   accrued 
regarding    the   ability   of   the   membrane   to   produce   a 
potential  difference  across  Itself,  and  to   effect   certain 
sequential   changes  In  the  potential.   To  better  understand 
thH   one  must  first  consider  the  physico-chemical  basis   of 
the  !i  resting  potential  ." 


Dendritic  and  somatic  potentials 

There   is  a   fair  correspondence  between  the  action  of 

nerve   cells  in   the   peripheral    nervous    system   of 

invertebrate  axon   and  the  single  nerve  cell  in  the  brain. 
One  can  at  least   in   part   extrapolate   the   results   from 

invertebrate  nerve   fibers   to   the  complex  systems  in  the 
bra  S n , 


T h e  s u mm a t  i  v e  response  of  the  d e n d rites  d ! f  f  e  r s  g  r e a 1 1 y 
from  the  all  or  none  response  of  the  axon.  Electrically, 
the  action  potential  has  a  duration  of  several  milliseconds 
and  a n  a m p  II  t u d e  of  70  m V ,.  T h e  den d r  ?  t  i  c  p o t e n  t:  i  a  'I  s  a  r  s 
formed  by  the  summation  of  excitatory  postsynaptic 
potentials  and  inhibitory  postsynaptic  potentials,,  The 
characteristics  of  these  potentials  are  raspectlvly  8  mV 
and  Ik  msec,  and  25  mV  and  8  msec  respectively.'  Their 
electrical  polarities  are  the  oppos  1  tes  of  each  other,,  and 
arise  from  the  chemical  change  in  ionic  perrneab  1 1  i  f  i  es  (Ma 
or  CI  respectively)  induced  by  neurotransmitters  released 
by  the  nerve  impulse  in  a  previous  axon.  The  dendrite 
responds  to  these  slow  electrical  potentials  that  are 
propagated  el ect roton i ca 1 1 y  along  the  soma.  The  summation 
of  these  effects  causes  a  hype rpol ar I zat i on  or  partial 
depolarization  of  the  somal  membrane..  Apparently,  the 
extent  of  depolarization  that  occurs  at  the  axon  hillock 
determines  whether  or  not  the   axon   will   fire   faster   or 
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slower  and  thus  propagate  more  or  fewer  impulse  along  the 
axon,  The  determining  factor  of  whether  a  synapse  Is 
excitatory  or  inhibitory  seems  to  rest  with  the  type  of 
chemical  transmitter  that  is  released  at  a  particular  site, 
Eccles  (1952). 

The  formation  of  these  potentials  or  change  in  the 
resting  potential  of  the  dendritic  membrane  is  thought  to 
be  mediated  by  a  change  in  permeability  of  the  membrane  to 
selective  ions.  Apparently  the  ability  of  the  membrane  to 
pass  chloride  ions  is  increased  by  Inhibitory  synaptic 
t  r  a  n  s  m  i  1 1  e  r  s ,  w  h  e  r  e  a  s  the  e  x  c  i  t  a  t  o  r  y  t  r  a  n  s  m  i  1 1  e  r  s  inc.  r  ease 
the  membrane's  permeability  to  sodium  ions.   This  evidence 


has  been  suggested   by   results   of   iontophore 


s  s  s   o  r   t  h  i 


aproprlate  ions  into  the  cell,  Purpura  jti.  jjlL.(1959) 


it   is  clear  that  both  the  dendritic  potentials  and  the 


axon  ' 


impulses"   are   directly    related    to   membrane 


s  t  r u c t  u  r e   a  n  d   f  u  n  c 1 1 o  n  t        sn d   c  h a  n g  e   under  v  a  r i  o  u s 


stimulating   conditions     (electrical,    chemlca 


•ha 


mecnan i ca \ 


i  ^ 


or 


The EEG 

Electroencephalography  is  a  method  of  detecting  and 
recording  fluctuating  brain  electrical  potentials  in  man 
and  animals.  it  was  first  developed  by  Hans  Berger  (1929), 
although,  C  a  t  o  n  ( 1 8  7  5  )  in  his  paper  The,  .Electric  .Currents 
£&.  ,t,h§,  ilr.ai.n,  described  some  "feeble  currents  of  the 
brain.''  These  were  the  first  recorded  measurements  of 
electrical  activity  of  the  brain  for  any  species.  In  these 
experiments  Caton  used  rabbits  and  monkeys  and  measured  the 
signals  with  a  galvanometer  through  electrodes  placed 
directly  on  the  cortex.  In  the  early  1900 's  Neminski  was 
able  to  confirm  Caton's  measurements  and  to  differentiate 
between  two  types  of  waves  present  in  the  brain  of  dogs 
which  he  named  alpha  and  beta  rhythms.  Berger fs  great 
contribution  was  to  record  these  signals  through  the  intact 
scalp  and  skull  of  man.  This  work  was  repeatedly  rejected 
as  "impossible15  until  finally  confirmed  by  Adrian  (1934). 


Ince   most   nerve   studies  of  this  time  had  focused  on 


set  Ion  potential"  (  or  nerve   impulse)   of 


S  !  n  T  i  G    "")  ■'" 


multiple  nerve  fibers  the  neurophys iologl st  of  the  time 
believed  that  the  origin  of  trie  EEG  activity  in  the  brain 
was  the  all-or-none  (nerve  impulse)  response  of  the  axon. 
Forbes  (1936)  was  the  first  to  point  out  that  the  slow 
waves   observed   in   the  cortical  recordings  were  different 


from  the  all-or-none  potentials  of  the  axon.  RenshaW/ 
Forbes  and  Drury  (1938),  using  m  i  c  roe!  ectrodes,  were  able 
to  record  the  slowly  varying  potentials  of  the  dendrites  of 
the  neurons  and  show  that  the  EEG  was  not  the  summation  of 
a  series  of  all-or-none  responses,  thus  laying  the 
foundation  for  the  theory  of  EEG  generation  usually 
accepted  today,.  There  is  strong  evidence  that  the  coherent 
sources  of  currents  in  the  brain  necessary  to  produce  the 
large  signals  of  the  EEG  (as  compared  to  the  feeble 
currents  in  a  single  cell)  arise  from  the  grouping  of 
parallel  pyrmldal  cells  of  the  cortex.  it  Is  the  apical 
dendrites  of  these  cells  that  extend  up  into  the  second  and 
first  layers  of  the  cortex  and  provide  the  necessary 
homogeneity  for  the  production  of  the  potentials  that  are 
measured   at   the  scalp.   These  are  depicted  In  Figures  1-5 


tnd  1-1,  Illustrating   the   pyramidal   cells   and   the 

aye  red  cortex . 


s  I 


it  was  thought  that  these  sells  by  themselves  could  not 
be  entirely  responsible  for  the  rhythmic  I ty  of  the  EEG/  and 
further  work  was  done  In  search  of  a  synchronizing  center 


C 1941)   used 


of  tun      braii";   electrical   activity.    Adrla- 

electrodes   Implanted   in   the  thalamus  to  demonstrate  that 


there  was  an  inherent  rhythmlctty  associated  with  this 
structure.  Adrian  showed  that  with  stimulation  of  sensory 
fibers  the  associated  areas  of  the  thalamus,  would  respond 
with  a   rhythm  that  was  then  propagated  to  the  cortex  and 
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FiGtIRE    1-5.      The    Pyramidal    Ce' 


could  be  recorded  in  both  the  thalamus  and  the  sensory 
cortex. 

Dempsey  and  Morrison  C19U3 )  demonstrated  the 
dependance  of  the  cortex  on  the  thalamus  by  using  direct 
stimulation  of  the  thalamus,  thus  extending  Adrian's  work. 
Ma gou n  (19  4  <'->•)  in  his  work  on  the  descending  reticular 
activating  system  demonstrated  that  this  complex  structure 
in  the  center  of  the  brainstem  exerts  a  marked  influence 
over  reflex  action  in  the  spinal  cord.  Shortly  after  this 
Moruzzl  and  Magoun  (19495  demonstrated  the  influence 
exerted  on  the  state  of  consciousness  by  another  related 
structure,  the  ascending  reticular  activating  system. 

S 1 1 11  further  a  d  v  a  n  c  e m e  n t  s  i  n  c  1 u d e  d  the  disc  o  v  e  r y  o f 
the  potential   shifts   due   to   hyperpolar Izat Ion   or 

de  p  o 1  a  r  i z a 1 1 o n  o f  the  postsynaptic  m e  m b  r a  n  e  ?  n  t  h e  t o  t  a  1 
cortical  response  as  seen  In  the  EEG.  Thus  there  Is 
evidence  that  the  Inherent  rhythms  city  recorded  in  the  EEG 
Is  closely  associated  with  these  hyperpolar Izat Ions  and 
depolarizations  of  the  dendrites.  Brock,  Coombs  and  Ecclcs 
CI  952). 

Norma  1 .r  a.  t  e  1  e  c  t  r  I  c  a  1  .activity 

Phenomenal og I ca 1 1 y  the  rat  EEG  is  v^ry  similar  to  the 
human  EEG,  There  are  periods  of "desynchron Jzed"  electrical 
activity  relating  to  what  appears  to  be  the  alert  state. 
The  rai;'^    alpha  waves  do  appear  to  be  shifted   to   a   lower 
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frequency;  six  to  thirteen  waves  per  second  rather  than 
eight  to  thirteen  waves  per  second  with  the  majority  of  the 
activity  about  seven  waves  per  second.  Delta  (one  half  to 
three  and  one  half  waves  per  second)  waveforms  are  similar 
in  human  and  rat  recordings.  Beta  activity  (thirteen  to 
fifty  waves  per  second)  seems  accentuated  in  the  rat 
cortical  recordings. 

The  amplitude  of  electrical  signals  for  the  extradural 
recordings  ranged  from  ten  to  one  hundred  microvolts.  The 
variation  is  presumably  due  to  "contact  variation"  of  the 
electrodes  with  the  dura  and  thus  the  brain,  as  well  as 
normal  physiological  state  variations,-  and  variations 
between  Individuals. (These  recordings  are  of  course 
possible  only  because  the  large  electromyographic  potential 
norma  1 i  y  occu r  i ng  in  an  1  ma  1  record  1 ngs  has  been 
circumvented  by  our  use  of  skull  penetrating  extradural 
el ect rodes . ) 


Abnormal  fat;  electrical  act  ?  v  i  ty 

The  abnormal  activity  observed  from  rat  extradural 
e 1 e c t r o d e s  i  s  v  e r y  s 1 m liar  to  the  act! v i t  y  o  b s e  r v  e  d  f  ro m 
scalp  recordings  taken  from  human  subjects.  Single  spike 
waveforms  with  durations  of  less  than  85  msec  and 
amplitudes  of  50  to  200  MV  appear  in  rat  abnormal 
recordings  as  well  as  in  human  recordings,  bursts  of  these 
or  similar  waveforms  ranging  from  two  spikes  to  a  train  of 


spikes  that  can  last  for  one  second  have  been  observed. 
Spike  and  wave  activity  of  two  to  four  waves  per  second  has 
been  observed  in  the  rat.  Large  amplitude  delta  waves 
occur  both  in  humans  as  well  as  in  the  experimental  rat. 
Burst  supression  occurs,  but  is  fairly  rare  in  its  true 
form;  the  closest  form  that  is  observed  in  rats  Is  at  the 
end  of  a  se  Izure (osmot i cal 1 y  induced)  when  the  animals  EEG 
usually  goes  through  a  period,  of  isoelectric  activity 
interspersed  with  some  minimal  electrical  activity.  Burst, 
suppression  similar  to  that  described  by  Fischer-wl 11  lams 
(1953)  and  Ellington  (1968),  has  been  seen  only  rarely  in 
rats,  usually  after  a  severe  seizure.  This  Is  not  unlike 
burst  supression  seen  in  humans  (i.e.  this  usually  occurs 
just  ante-mortem) . 

The  abnormal  behavior  seen  In  the  animals  includes 
my  o  c  1  o  n  i  c  j  e  r  k  ,  m  i  i  d  f  o  c  a  1  a  u  t  om  a  1 1  s m  s ,  J  a  c  k  s  o  n  1  a n  ma  r  c  h , 
generalized  seizure  activity  including  tonic  followed  by 
ton  1 c-c 1  on i c  movements  with  subsequent  Isoelectric  activity 
and  physical  exhaustion,  and,  finally,  the  very  dramatic 
Grand  Hal  seizure. 

Epilepsy  and  a,  Useful,  Mode  1  in  Rats 

Human   epilepsy   Is   probably  as  old  as  man  himself  and 
epsleptic-like  fits  In  animals  even  older.    The   term  was 
by   the   Greeks   to   describe  the  phenomenon  In 


which  a  person  was  apparently  seized  by  forces  from  the 
outside.  Epilepsy  was  recognised  as  a  disease  as  early  as 
2080  B.C.  when  laws  and  rules  regarding  marriage  of  an 
epileptic  person  and  the  validity  of  their  court  testimony 
was  set  down  In  the  code  of  Hammurabi «  Hippocrates  (k&Q- 
3 5 7  B . C , )  co n  s I d e  r e d  e p 1 1 e p s y  a  d i s e a s e  of  t h e  b r a  i n  . 
Charles  le  Pols  (11*63-1636)  first  clearly  stated  that  all 
epilepsies  are  of  brain  origin,  Jackson  contributed  to  the 
understanding  of  epilepsy  by  introducing  the  concept  of  the 
discharging  focus  In  1 8 7 D .,  and  considering  Petit  Mai  and 
Grand  Mai  seizures  to  be  manifestations  of  paroxysmal 
discharges  beginning  at  a  focus  and  spreading  to  more 
numerous  areas.  Gower  classified  the  epilepsies  into  two 
categories  those  seizures  due  to  demonst ratably  damaged 
focal  areas  and  those  that  cannot  be  related  to  a 
structural   change  In  the  brain,.  Schmidt  and  Wilder  (1968), 


The  work  by  Caton  and  Nemfnsky  and  ,,  of  course,  Berger 
provided  greater  understanding  of  the  phenomenology  of  the 
epilepsies.    The   use   of   EEG!s   In  clinical  practice  has 


allowed  for  an   early   confirmation   of   the   diagnosis 


oi 


epilepsy  In 


;reat  number  of  cases. 


Epilepsy  Itself  Is  an  Interesting  disease  manifestation 
because  It  apparently  represents  either  local  or  wide 
spread  electrical  storms  on  the  cortex  of  the  brain.   These 


storms   are   evidenced   bv   the   dynam 


<  n  ■  i:  h  i. 
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electrical  activity  measurable  on  the  scalp  or  on  the 
cortex.  The  use  of  experimental  animals  for  the 
investigation  of  the  "epilepsies"  requires  several 
constraints:  comparability  with   humans,   size   of   animal, 


cost  and  labor  requirements  among  others. 


e  use  f u  I  t  h e 


animals'  behavior  in  a  physical  as  well  as  el ect rograph i c 
sense  must  be  close  to  the  system  that  one  Is  attempting  to 
model  (human  epilepsy).  A  comparison  is  illustrated  in 
Figure  1-6.  The  size  of  the  animal  should  allow  for  easy 
handling  and  simple  surgical  procedures.  The  cost  in  terms 
of  the  human  effort  and  the  specific  cost  of  animals  should 
be  we  i g h e d  against  info  r m a t  f  o n  to  be  gal n e d  f  r om  t h e 
experiments  and  with  comparability  of  the  data  with  those 
f  r om  h u m a n s  .  T h e  s  i  m i  1  a  r  i  t y  of  the  r a  t  a n d  h u m a n  L: E G  h a v e 
been  compared  in  the  figure  above.  Rats  also  provide  an 
inexpensive/  small  and  easy- 'to-hand! e  specimen  on  which  to 
preform  experiments.  All  of  these  requirements  are  met  by 
the  rat:  when  properly  treated  as  an  experimental  model  for 
e  p  i  1  e  p  s  y  .  T  h  e  me  t;  h  o  d  s  o  f  i  n  d  u  c  i  n  g  e  p  !  1  e  p  s  y  m a  y  include 
various  scarring  agents  such  as  penicillin  or  cobalt  powder 
applied  directly  to  the  brain  or  osmotic  agents  introduced 
i  nt  rape:"  i  tone  a  11  y  . 
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How... Heart  Relates  to  Brain 

The  relationship  of  brain  to  heart  may  seem  to  be  out 
of  place  in  a  discourse  on  the  bioengl neer ing  and 
biophysical  aspects  of  taurine  in  the  brain.  However,  as 
will  be  seen  later.,  the  physiology  of  taurine's  action  may 
be  si'rnilar  in  heart  and  brain  and  may  be  modeled  in  a 
similar  way.  This  is  really  not  surprising  though/  since 
both  are  ,!  excitable  tissue/'  and  the  excitability  of  all 
animai  (and  plant)  cells  seem  to  have  a  common  ionic  basis, 


The  heart  consists  of  specialized  muscle  cells 
connected  together  at  the  "intercalated  discs."  The  cells 
of  the  heart  are  of  three  basic  types:  nodal  cells, 
Purkinje  cells  and  contractile  muscle  ceils.  The 
electrical  activity  of  the  tissue  is  slower,,  synchronous 
and  thus  slightly  different  from  that  of  the  more  complex 
nervous  tissue  as  shown  in  Figure  1-7.  However,,  it  is 
believed  that  the  electrogen I s Is  of  the  cardiac  cell 
potentials  is  quite  similar  to  that  of  the  nerve  cell. 
Tlius^  the  resting  potential  is  established  by  the  potassium, 
steady  state  flux  through  the  cell  membrane.  The  action 
potential  in  the  heart  is  indeed  begun  with  an  influx  of 
sodium  ions  followed  by  an  efflux  of  potassium  ions  which 
is  in  close  agreement  with,  the  action  in  nerve.  However, 
the  time  course  of  events  varies  in  that  the  velocity  of 
propagation  of  the  ionic  conduction  process  along  one   cell 
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Figure  1-7  The  Membrane  Potential  of  a  Purklnje  Cell 
(Noble (196  2) ) 


29 


to   the   next  one  is  much  slower  fn  heart.   As  in  the  brain 
but  In   a  much  more  defined  pattern,  the  heart   also   has   a 
pacemaker   action.    The  cells  of  the  slno-atrial  (SA)  node 
and  the  atr fo-ventr icular  (AV)   node   perform   this   timing 
control   or   pacemaker   function  in  the  heart.   The  SA  node 
paces  the  atrial  muscle   cells   and   through   the   Purklnje 
bundle   cells,   the   AV   node,.   The  later  In  turn  paces  the 
firing  of  the  ventricular  muscle  cells;  therefore,   cardiac 
contractions  are  uniformly  synchronized  for  optimal  output. 
The  heart  has  only  two  pacemakers  (connected  In  series)  and 
thus   the   rhythm   is  relatively  simple;  in  the  brain  there 
are  indeed  many  driving  centers  and  thus   the   rhythms   are 
much  more  complex.   In  cardiac  tissue  If  normal  activity  is 
interrupted  by  exogenous  electrical,  chemical  or  mechanical 
stimuli,   the   heart   can   stop   beating,.   or   it   can  beat, 
exceedingly   Irregularly   (f I br i 1 1  at  ion )   or   a    regularly 
Irregular  electrical   storm  can  be  propagated  repetitively 
over  the  surface   (various   dysrhythmias).    in   a   similar 
manner   the   brain   can  be  caused  to  exhibit  quite  abnormal 
electrical  activity  by  similar   exogenous   physico-chemical 
stimuli.   When  the  irregularity  develops  from  some  internal 
abnormal ity(  lack  of   oxygen,   unusual   scarring,   abnormal 
metabolism,   etc)   the   endogenous   dysrhythmia  is  usually 
Indistinguishable  from  an  exogenously  induced   dysrhythmia. 
1  n d e e d   a n   e x o g eno u s   age n t  m a y  b e  u s e f u 1  in  supressfng  or 
reversing  the  abnormality  in  the  rhythm  of   the   otherwise 
normal  tissue  Davson ( 1 9G U ) . 
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The,  use,  of  boJ.o^lxu^^„_J,n__heajit^.gjj^L_vJsa  vers_a 

Perhaps   the  most  well   known  of  the  ant f-dysrhythm!c 

drugs  used  in  both  brain  and  heart  is  d i phenyl -hydantoi n 
(DPH).  The  use  of  DPM  In  heart  abnormalities  has  been 
sucessfull  in  treating  premature  ventricular  contractions, 
paroxysmal  atrial  tachycardia,  paroxysmal  atrial 
fibrillation  and  many  others.  Many  other  cardiac  drugs  do 
not  greatly  affect  the  brain.  Apparently  they  do  not:  enter 
the  brain  as  freely  as  does  DPH,  The  use  of  DPH  in  the 
central  nervous  system  includes  treatment  of  epilepsy, 
thought-mood  and  behavior  disorders,  stuttering,  psychosis 
and  other  maladies,  Bogoch  (1970). 


The  first  application  of  taurine  for  theraputic  use  was 
in  reducing  the  cardiac  dysrhythmias  in  dogs.  The  effect 
of  t a u r 1 n e  on  d i g t o x  in  induce  d y s i * h y t h m 1  a s  w as  d r a m a t  i c a  1 1 v 
demonstrated  by  Read  and  Welty  (1963).  In  their  work 
taurine  was  administered  both  before  and  eft or  the 
injection  of  digitoxin,  and  in  both  cases  either  the 
arrythmias  never  appeared  or  stopped.  This  work  led  to  our 
Independent  speculation  (about  1970)  that  like  DPH  perhaps 
taurine  might  show  some  effects  in  the  brain.  With 
subsequent  independant  confirmation  by  Van  Gel der (1972) , 
Thursby  and  Nev Is (1974 ) ,  Barbeau(lS7k) . 


CHAPTER  TV/0 
HISTORY  OF  THE  "ANSON  DEFICIT  PROBLEM"  AND 
THE  ROLE  OF  TAURINE  IN  CONTROL  OF  BIOELECTRIC  POTENTIALS 

Ufa e _ ..An  Ion  Deficit  P r obj  e m. 

The  apparent  anionic  imbalance  in  nervous  tissue  was 
first  described  in  the  work  done  on  the  icnic  concentration 
of  single  nerve  fibers  by  Fenn  est.  al  .  (193^3  who  cited  the 
study  of  the  ionic  constituents  of  the  nerve,  Cowan  (133-'i-)« 
That  is  t h a t  w h e n  o n e  c on s I d e  r s  t h e  con s t r a  I n t s  o f  c h a r g e 
neutrality  in  in  an  electrolytic  sol ut fonCthe  cytoplasm  or 
extracellular  fluid)  as  well  as  the  necessity  of  equilibrium 
of  osmotic  pressures  from  the  Inside  to  the  outside  of  the 
membrane  it  was  found  that  there  was  a  deficiency  of 
a n  I  o n  f  c  s p e c  I  e  s  w  1 1 h  1  n  t h e  a x on.  Fen n  et,  aJL .=.  r e p o r  t e d 
(among  other  observations)  that  "there  appears  to  be  a 
large  excess  of  inorganic  cations  over  anions  in  the 
potass  I  cm  space "(axopl  asm)  , 

However,,  in  1939,  Bear  and  Schrnitt  specifically 
formulated  the  "anion  deficit  problem"  in  studies  on  squid 
axoplasm.  They  realized  that  these  deficient  anions  must 
be  of  great  importance  In  the   biochemistry  of   the   axon; 
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they  also  noted  that  the  sum  of  all  known  Ions  at  that  time 
could  not  account  for  the  deficit.  From  the  physical 
evidence  given  they  predicted  that  the  anion  was  organic  in 
nature  and  had  a  molecular  weight  of  about  100.  This  paper 
was  the  first  formal  statement  of  the  axoplasmtc  "anion 
deficit  problem."  The  anion  deficit  was  thought  to  range 
from  25  percent  to  *;0  percent  of  the  total  Internal  ionic 
concentration;  later  this  was  shown  to  be  an 
uncle  rest  1  mat  Ion . 

Silber  and  Schmitt  (191*0)  initially  appeared  to  be  able 
to  explain  the  majority  of  the  deficit  by  amino  acid 
c o n s 1 1 1 u e n  t  s  lea v i  n g  0.06  mgm  per  g r a m  o f  w ater  i  n  t h e 
anion  deficit  (i.e.  only  12  percent  residue  of  ICF).  This 
suggestion  had  two  points  of  difficulty;  first,.  If  these 
amino  acids  had  been  responsible  for  the  deficit  they  would 
have  had  to  be  dicarboxylic  in  nature  in  order  to 
contribute  to  the  anion  pool;  secondly,  the  authors  failed 
to  detect  the  presence  of  sulphur  in  their  preparation.. 
Indeed,,  they  were  looking  at  amino  acids  in  such  a  manner 
that  the  true  an  lor!  was  probably  removed  in  one  of  their 
extraction  steps.  In  their  paper  they  stated  that  the 
amine  acid  concentration  did  not  change  for  significantly 
different  external  conditions;  anoxia,,  hyperactivity  and 
thermal  changes.  This  however  would  not  preclude  changes 
in  the  structure  of  the  associated  groups  (i.e.,,  the 
conversion   of  cysteine  to  taurine  to  isethionlc  acid)  even 
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had  they   then   identified   ISA  as   subsequently   done   by 
Koechlin  in  Schmitt's  laboratory. 

Sllber  in  his  dissertation  (1941),  described  the  amino 
acid  content  of  lobster  nerve.  He  states  !S  less  than  one 
third  of  the  anion  deficit  appears  to  be  accounted  for  by 
the  available  acid  group  of  aspartlc  acid  with  less  than 
half  of  the  remaining  deficit  made  up  by  Cephalin  and  keto- 
acids,!i  Allowing  for  this  anionic  contr Ibut Ion,  he  reports 
the  anion  deficit  to  be  0.2 05  mEq  per  gram  of  water,  or 
approximately  40  percent  of  the  total  anions. 

Schmitt  Bear  and  Sllber  (1939)  described  the  anion 
deficit  in  lobster  nerve  in  even  greater  detail.  In 
lobster  nerve,  a  deficit  of  0,33  mEq  per  gram  of  water  was 
found.  Further,  titration  curves  showed  that  the  anion 
present  was  In  the  form  of  an  acid,  and  from  earlier 
conclusions  It  was  described  as  an  organic  anion.  The 
level  of  non-protein  nitrogen  was  such  that  they  further 
concluded  that  the  acid  was  probably  an  amino  acid.  The 
major  breakthrough  In  the  anion  deficit  problem  came  when 
Koechlin  (1953)  began  to  demonstrate  the  anionic  species 
available  In  squid  nerve  '  axoplasm.  With  his  improved 
techniques  Koechlin  was  able  to  extract  the  major  anion  and 
Identify  it  as  Isethionic  acid  CISA).  Koechlin  (1955) 
presented  a  further  detailed  analysis  of  the  anion  deficit. 
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With  his  second  paper1  the  ionic  balance  sheet  was  complete 
within  11  |4eqv  per  gram  of  axoplesm.  In  a  total  of  520 
Meqv  per  gran  only  two  percent  remained  un-I dent  If  I ed, 
Koechiin  pointed  out  that  this  was  the  first  reported 
occurence  of  ISA  in  any  biological  tissue.  Me  speculated 
that  this  was  the  metabolic  product  of  taurine  which  was 
also  found  in  the  axoplasm.  Of  the  chemical  species 
present  in  axoplasm  Koechiin  reported  that  the  most 
abundant  was  potassium,  followed  by  f sethlonate,  then 
chloride  and  the  other  ions.  His  paper  not  only  resolved 
the  anion  deficit  problem  in  squid  but  it  posed  many 
interesting  questions  as  to  the  general  biological 
significance  of  ISA   and  its  precursor  taurine., 

Deffner  and  Hafter  in  a  series  of  papers  (1959,  1960a,. 
1960b, 1961a,  1951b)  investigated  in  detail  the  chemical 
composition  of  squid  axoplasm.  Along  with  discovering 
several  previously  unnoticed  compounds  they  confirmed 
Koechltn's  measurements  on  the  anionic  content  of  the 
fluid..  All  of  the  work  by  Deffner  and  Hafter  and  also  that 
b y  K o e  c h 1 i  n  w as  s  t  r o n g 1 y  motivated  a n d  g u i  d e d  b y  t h e 
director  of  the  laboratory,  Professor  F.O,  Schmltt, 

Challenger  (1970)  has  suggested  that  the  presence  of 
Isethlonlc  acid  In  biological  tissue  may  be  involved  in 
po  1  y  s  a  a  c  ha  r  I  d  e  s ,  m  u  c  o  p  o  1  y  saacharldes  and  lipid  f  u  net!  o  n  ,. 
He  sites  as  a  basis  for   this   concept   the   fact   that   an 


ethyl -phosphon tc  acldCI.e.  a  phosphorous  analogue  of  ISA) 
Is  found  in  rumen  protozoa  by  hydrolysis  of  the  lipid 
extract . 

Hoskln  and  Brande  (1973)  discuss  a  new  method  for  the 
determination  of  ISA  in  biological  tissue.  The  method  of 
enzymol og I cal  assay  is  old  but  only  now  has  been  applied  to 
the  assay  for  ISA,  Their  work  confirms  Deffner  and 
Mafterss  work  on  the  level  fo  ISA  in  squid  axoplasm.  The 
method  of  differential  enzyme  activity  to  determine  the  ISA 
concentration  may  be  useful  in  other  tissue  in  the  future. 

Jacobsen  and  Smith  (1968)  provided  an  exhaustive  rev  lev,' 
of  the  Htterature  pertaining  to  the  biochemistry  end 
physiology  of  taurine  and  Its  derivatives  prior  to  1968, 
In  the  following  paragraphs  there  will  be  a  brief 
discussion  of  the  literature  that  has  been  written  since 
the  work  on  taurine  and  ISA  by  Jacobsen  and  Smith. 


Reddy   (1970)  using  tracer  studies  evaluated  the  active 

uptake  of  C-lt~taur I ne  against  concentration   gradients   In 

rabbit   lens.    lie   found   the  process   to  be  Inhibited  by 

ouabain  and  by  an   absence   of  calcium,.    This   links   the 
activity  of   taurine  with  Na-K-ATPase,   He  also  noted  that 

If  the  1,0 -v? vo  potassium  level  Is  decreased,   the   rate   of 

uptake   of  taurine  is  reduced.  The  transport  of  taurine  is 
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inhibited  by  glycine,  alanine  and  argfnine  presumably  by 
competition  between  taurine  'and  these  amino  acids. 

Naito  eta! .  (1972)  have  tested  the  effects  of  a 
derivative  of  taurine,,  taurlnoplper  Idlne,  on  several 
laboratory  animals.   They  concluded  that  taur I nopiper Idlne 

has  no  harmful  effects  on  the  animals  at  high  dosages  and 
that  It  would  be  suitable  for  further  pharmacological 
testing.  The  piperidine  moiety  may  provide  for  ease  of 
passage  of  the  total  group  across  the  blood  brain  barrier. 

Sorensen  (1973)  measured  the  levels  of  twenty  amino 
acids  Including  taurine  In  excitatory.  Inhibitory  and 
sensory  fibers  of  the  claw  of  the  crab.,  jQanciLC  mag  ister . 
She  reports  that  the  only  significant  difference  found  was 
In  GABA  levels.  The  predominance  of  GABA  In  the  fibers 
was  In  the  ratio  of  1*6:3,  Inhibitory:  excitatory.  The  high 
and  approximately  equivalent  level  of  taurine  in  inhibitory 
and  excitatory  fibers  may  be  of  some  significance  in  that 
again  taurine's  ubiquitous  nature  seems  to  indicate  a  more 
universal  role  In  the  function  of  the  nerve  cell. 


Occurence,  pf Taur  in? 1  n. . Mammal  1  an  Brain 

Jasper  and   Koyama  (1DG9)  described  large  increases  of 
the  release  of  taurine  from  surface  cortical  neurons   under 
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several  different  conditions  Including  arousal.,  stimulation 


of  the  reticular  formation  and  the   thalamic   bodies 


The 


EEG  waveforms  described  for  reticular  formation  and 
thalamic  stimulation  appear  to  be  highly  abnormal  (e.g. ,  3-*t 
per  second  spike  and  wave  activity).  Battistin,  Grynbaum 
and  Lajtha  C 1 9 6 9 )  reported  the  distribution  of  taurine  in 
various  regions  of  the  cat  brain.  Taurine  had  the  highest 
concentration  in  the  corpus  caliosurn  and  was  lowest  in  the 
thalamus..  However  slices  from  the  thalamus  showed  the 
largest  uptake  of  taurine  on  incubation.  Johnston  (1969) 
showed  the  distribution  of  taurine  in  cat  spinal  cord. 


Guldottl,  BadlanI  and  Pepeu  (1972)  have  investigated 
the  occurence  of  taurine  in  cat  brain  with  respect  to 
anatomical  structures.  They  have  also  investigated  the 
change  in  the  concentration  of  taurine  with  transection  at 
mld-pontine  end  collicular  levels.  The  concentration  of 
taurine  found  for  different  neurological  states  was 
slightly  different,:  however  not  statistically  significant. 


Perry  et,  a, \, ,  (1971a)  analyzed  the  amino  acid  content 
of  twelve  different  regions  of  human  brain  at  autopsy  and 
taurine  was  found  to  be  highest  In  concentration  in  the 
cerebellum.  Perry  .e,t  al  »  (1971b)  analyzed  the  amino  acid 
content  of  human  biopsied  and  autopsied  brain  samples. 
Taurine  did  not  show  a  significant  change  in  the  level 
between   biopsy   and   autopsy.   Of  significance  Is  the  high 
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level  of  taurine  In  human  brain  and  animal  brain.  Perry  .e.fr 
al  .  (1972)  measured  the  concentration  of  32  amino  acids  in 
five  areas  of  cat  brain  and  shoved  taurine  to  be  highest  In 
cerebellar  tissue.  Taurine  was  found  to  be  the  third 
highest  overall  in  concentration  in  cat  brain. 

Perry  and  Hansen  (1973)  described  the  presence  of 
hypotaurine  in  rat  brain.  They  also  indicated  that  the 
taurine  level  did  not  change  significantly  after 
decapitation  prior  to  freezing  (  two  hours);  however,  they 
suggested  that  since  GABA  and  other  compounds  did  change 
rapidly  a  quick  freezing  technique  was  preferable  to 
allowing  the  tissue  to  remain  at  room  temperature  for 
extended  periods  of  time. 

The  level  of  taurine  in  brain  slices 


Davison  and  Kaczmarek  (1971)  ■  have  shown  a  release  of 
taurine  from  brain  slices  upon  stimulation  that  is  similar 
to  the  release  of  gamma-ami  no- butyr i c  acid  (GABA).  They 
used  this  evidence  to  enhance  their  hypothesis  that  taurine 
I  s  p  ossi  b  1  y  a  n  e  u  r  o  t  r  a  n  s  mitt  e  r  i  n  t:  h  e  central  n  e  r  v  o  u  s 
system,  Kaczmarek  and  Davison  (1971)  described  their 
initial  experiments  in  which  they  stimulated  radio  active 
taurine  loaded  brain  slices  and  observed  the  concomitant 
eflux  of   taurine.   They  also  stated  that  taurine  has  been 
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reported  to  have  been  absorbed  from  the  brain  slice  media. 
They  stated  that  their  results  enhanced  the  possibility 
that  taurine  is  a  neurotransmitter. 

Oja  (1971)  described  the  exchange  of  taurine  in  adult 
and  nev/born  rat  brain  slices.  The  author  showed  an,  active 
uptake  of  taurine  into  brain  slices.  He  also  indicated  a 
similar  high  level  in  the  plasma  of  new  born  animals.  He 
indicated  that  the  taurine  flux  did  not  reach  equlibriurn 
state  with  either  high  or  low  taurine  concentrations  in  the 
external  medium. 

Kaczmarek  and  Davison  (1972)  studied  the  efflux  of 
taurine  from  brain  slices  during  electrical  stimulation. 
They  found  that  taurine  was  released  from  the  brain  slices 
upon  stimulation  and  that  replacement  of  calcium  by 
magnesium  in  the  medium  decreased  the  eflux  of  GABA  to  a 
much  greater  extent.  The  authors  suggested  that  taurine 
may  indeed  be  a  neurotransmitter  and  that  the  hypothesis 
should  be  tested  ijn.-vT.v6.  They  also  suggested  that  a 
search  should  be  made  for  synaptic  vesicles  where  taurine 
is  the  major  transmitter  present. 

Lahdesmaki  and  Oja  (1972)  attempted  to  characterize  the 
transport  mechanism  of  taurine  into  brain  slices.  They 
showed  that  the  affinity  of  taurine  for  the  transport 
system  is  higher  in  new  born  animals;  however   the   maximum 


velocity  is  Jower  than  in  adults.  In  adults  electrical 
stimulation  Increased  the  maximum  velocity  but  did  not 
influence  the  affinity  of  taurine  for  the  transport  system. 

Crnlc,  Hammers  tad  and  Cutler  (1973)  studied  the  efflux 
of  taurine  from  brain  slices  Into  media  containing 
different  amino  acids,.  The  rate  of  release  of  taurine  from 
brain  slices  was  increased  with  solutions  containing  beta- 
alanine,,  GABA  and  taurine. 

Lahdesmaki  and  0 j a  (1973)  compared  the  active  transport 
of  compounds  that  are  structurally  similar  to  taurine  Into 
brain  slices.  Compounds  that  inhibit  the  uptake  of  taurine 
include  hypotaurtne,  GABA,,  N-methyl  taurine  and  l-cystelc 
acid.  The  compounds  that  were  found  to  be  non-inhibitory 
were:  ISA,,  1 -•methionine  sulfoxide,  l-cystelne,  glycine, 
em  i  d o - s  u 1 f  on  1 c  acid  a n d  1  - c y  s  t e  i n e  s  u 1 f  i  n  i  c  acid.  The 
authors  recognized  two  features  of  the  list  and  the 
transport  system.  First  Hthe  hypothetical  carrier"  of 
taurine  at  brain  cell  membranes  "recognizes"  In  the 
acceptable  molecule  both  strongly  ionized  electronegative 
and  electropositive  ends,,  supported  by  at  least  two  carbon 
atoms,  Second,  "two  is  the  optimal  length  of  the  carbon 
chain  in  such  a  molecule,"  However  the  authors  fall  to 
recognize  that  all  of  the  i  nimbi  tor  y  species  are  of 
sufficient  length  and  charge  distribution  to  form  a  cyclic 
structure   (internally   compensated   zwltterlon).   The  non- 


inhibitory  compounds   lack   the   length   or   amphoteric 
character. 

Metabolism  of  Taurine 

Gil'les  and  Schoffenlels  (1968a)  described  the 
uptake  of  C--1?*  from  NaHC03  into  taurine  molecules,,  as  well 
as  aspartic  acid  and  glutamic  acid.  They  postulated  that 
there  must  be  on  unknown  pathway  that  would  allow 
Incorporation  of  C-1U  from  NaHC03  into  the  taurine 
molecule.  in  their  second  paper  (1968b)  they  refined  their 
approach  to  include  the  hypothesis  that  apparently  the 
metabolism  of  taurine  is  based  on  the  presence  of  pyruvate. 

Kaezmarek,  Agrawal  and  Davison  (1970)  studied  the 
presence  of  taurine  and  its  probable  forming  enzyme, 
cyste i nesul f inate  decarboxylase,.,  and  showed  that  there  was 
a  steady  Increase  in  the  enzyme  activity  with  time  in  a 
parallel  manner  to  the  Increase  in  taurine.  Also  taurine 
and  the  accompanying  enzyme  have  been  isolated  in 
mitochondrial  and  synaptosomal  tissue.  Agrawal,  Davison 
and  Kaezmarek  (1971)  demonstrated  a  decrease  in  taurine 
level  with  a  decrease  In  cyste I nesul f I nate  decarboxylase 
activity. 

Huxtable  and  Bressler  (1972)  have  studied  In  detail  the 
distribution  and  metabolism  of  taurine   and   ISA   in   rats. 
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The  most  significant  findings  were  'In  the  measurement  of 
the  uptake  rate  of  i SA  in  brain.  There  is  a  time  period  of 
seventy  hours  required  for  maximum  absorption  of  the  anion 
in  brain  as  well  as  In  all  other  tissue.  As  did  Awapara 
(1957),  the  authors  described  the  peak  uptake  of  taurine  as 
requiring  about  four  days, 

Valcana,  Hudson  and  Timiris  (1972)  showed  small  and 
Insignificant  changes  In  the  level  of  taurine  and  other 
compounds  between  normal  and  x-irradiated  post  natal 
ce rebel lar  t 1 ssuo. 

Sgaragl i  and  Pa van  (1973)  were  unable  to  show  any 
metabolic  change  due   to   Intraventricular   injection  of 

neutral  amino  acids  including  taurine. 

Central  Hervous  System  Changes  In,  Taurine  Level 

Enwonwu  (1973)  showed  no  'variation  of  the  level  of 
taurine  ?n  the  brains  of  rats  with  ascorbic  acid 
def  i  cl ency . 

Fowler  (1373)  showed  an  elevated  GADA  level  in  rat 
brains  after  the  administration  of  Ethanol ami ne-O-Sul fate . 
The  same  study  showed  no  significant  change  in  the  level  of 
taurine  during  the  same  treatement. 
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Taurine  and  Convulsions 

Van  Gelder  (1972)  described  the  antagonistic  action  of 
taurine  in  cobalt  induced  epilepsy  in  cats  and  mice,  His 
data  included  a  demonstration  of  the  reduction  in  the 
number  of  seizures  caused  by  the  topical  application  of 
cobalt  powder  on  the  surface  of  the  brain.  in  addition  he 
reported  that  the  level  of  taurine  was  reduced  in  the 
brains  of  cats  and  mice  subjected  to  convulsions  from 
cobalt  powder  applications.  He  suggested  the  possible 
theraputic  use  of  taurine  in  treatement  of  epilepsy  and  the 
urgent  need  for  further  investigation. 

Thursby  and  Nevis  (197*0  studied  the  effects  of 
taurine  on  the  nervous  system  of  rats  and  mice.  Using 
electro-shock  testing(EST)  it  was  shown  that  taurine 
offered  protection  against  seizures  caused  by  EST.  In 
addition,,  using  rats  they  have  shown  that  the  proclivity  of 
having  seizures  when  subjected  to  osmotic  stressing  was 
reduced  in  animals  treated  with  taurine. 

Van  Gelder,  Sherwin  and  Rasmussen  (1972)  studied  the 
concentration  of  some  amino  acids  in  human  brain  biopsy 
samples  from  patients  with  epilepsy.  Their  data  showed 
that  apparently  the  amino  acid  concentration  In  the  tissue 
at  the  focus  is  slightly  lower  than  at  a  site  peripheral  to 
■the  abnormal  site,   However,,  it  appears  that  the   necessary 


controls  In  normal  patients  are  understandably  missing,  I!  n 
addition  to  the  brain  tissue  studies,  total  blood 
concentrations  of  taurine  would  be  helpful  to  determine  the 
relative  level  of  taurine  In  the  brain  compared  to  the 
blood  in  the  patient. 

izumi   e_t   a_L_   (1373)   administered   taurine   to   rats 

intraventr i cul arl y  to  reduce  the  effects  of  ouabain  induced 

seizures,    Their    results   showed   that   taurine   could 

significantly  reduce  the  strength  and  Incidence  of   seizure 

act  ivlty. 

Haas  and  HoslI  (1973)  have  studied  the  Interaction  of 
taurine  with  two  convulsants  bicuculline  and  strychnine  on 
the  firing  rates  of  brainstem  neurons.  They  have  placed 
taurine  in  the  category  of  a  !!  glycine  like"  amino  acid 
transmitter.  They  point  out  that  the  apparent  "taurine 
receptor  I!  is  similar  In  structure  to  the  "glycine 
receptor.'5  They  propose  as  others  have  that  taurine  should 
be  considered  as  an  inhibitory  neurotransmitter.  King, 
Car]  and  Lao  (1974)  showed  about  ten  percent  change  in 
glutamic  acid  ,  glutamine  and  aspartfc  acid  with  larger 
changes  in  alanine  and  GABA  concentrations  (twenty  and 
thirty  percent)  during  and  Immediately  after  seizure 
activity.  These  results  on  mice  Indicate  that  there  may  be 
some  amino  acids  whose  concentrations  change  during 
seizures. 


Barbeau  and  Donaldson  (1974)  showed  that  taurine  was 
effective  in  decreasing  ouabain  induced  seizures  in  rats. 

Urquhart  e_t  a .]__,.  (1974)  described  three  experiments  in 
which  they  determined  that  taurine  was  absorbed  from  the 
gut  of  rats  into  the  brain,  and  that  when  taurine  was 
administered  parent  rally  in  monkeys  it  was  also  absorbed 
into  the  brain.  in  addition  they  showed  that  when  taurine 
was  administered  oraly  to  human  subjects  the  plasma  level 
of  the  compound  was  increased  significantly.  They  also 
showed  no  side  effects  in  the  human  subjects.  They 
concluded  that  the  "oral  administration  of  taurine  might 
prove  effective  in  correcting  a  taurine  defficiency  in 
human  brain  when  this  occurs. " 


CHAPTER  THREE 
RATIONALE 


The.  ubiquitous  presence  of  taurine  in  nature  is 
evidenced  by  the  abundance  of  literature  reporting  the 
occurence  of  taurine  in  almost  every  genus  and  species  in 
the  animal  kingdom  and  in  many  forms  of  plant  life.  its 
function  in  tissue  has  been  Inferred  and  attempts  have 
been  made  to  hypothesize  a  reason  or  list,  of  reasons  for 
its  occurence  and  abundance  in  nature.  Various  roles  from 
that  of  an  energetic  metabolite  to  that  of  an  osmotic 
regulator  have  been  proposed.  Whether  taurine  fulfills  one 
or  more  of  these  roles  among  a  multitude  has  not  been 
demonstrated,  it  is  believed  by  some  investigator's  that 
the  role  of  taurine  is  in  effect  a  combination  of  roles. 
T a u  r i  n e  ma  y  appear  to  act  as  a  bind! n g  age n  t /  o s mo  - 
regulator,,  membrane  voltage  stabilizer  and  especially  a 
balancing  anion.  This  can  be  understood  in  terms  of  a 
Teorell  model -like  interaction,  in  which  taurine  would 
contribute  to  the  transmembrane  Ionic  balance  and  therefore 
to  the  membrane  potential ,  as  well  as  to  the  osmotic 
balance.  Within  all  these  roles  Is  embodied  the  concept  of 
a  stabilizing   element   for   the  membrane   potential   and. 
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hence,  for  any  cellular  aggregrate  whether  it  be  muscle, 
ganglia  or  brain.  Taurine's  ability  to  "quiet"  abnormal 
electrical  activity  In  the  heart  muscle  (  as  Induced  by 
digitalis-like  compounds)  is  ample  proof  of  this 
stabilizing  overall  action  in  a  collection  of  excitable 
muscle  cells  through  stabilization  of  the  membrane 
potential.  An  extension  of  this  concept  leads  one  to  the 
idea  that  taurine  may  exert  a  similar  force  on  any 
organized  group  of  nerve  cells.  Such  a  system  is  found  in 
the  various  centers  (cortical  or  subcortical  or  lower)  of 
the  brain.  This  hypothesis  has  been  supported  by  a  few 
researchers  in  several  different  laboratories.  Their 
interests  are  usually  limited  to  rather  narrower  aspects  of 
neurophysiology.,  or  neuropathology.  Even  if  the  empirical 
observations  of  taurine  as  a  membrane  function  stabilizer 
were,  widely  recognized,  the  mode  of  action  of  taurine  as 
both  an  electric  potential/  and  osmotic  regulator  remains 
to  be  fully  understood.  Hence,,  the  questions  of  the  effect 
taurine  has  on  the  membrane  and  how  it  affects  an 
inhibiting  or  quieting  response  are  very  important  ones. 

Inorder  to  better  understand  the  brain  and  its 
f  u n c 1 1  o n s ,  o t"! e  must  e v a  1  u a  t e  its  nieas u  r a  b  1  e  p ara rn e t e  r s  o  r 
"outputs."  These  include  such  things  as  thought 
processes,  motor  responses  to  stimuli,,  and  certain  physical 
parameters.,  for  example  the  EEG  or  brain  pressure  or 
chemical  constituents.   One   can   put   different   types   of 
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Inputs  Into  the  system  by  several  different  pathways:  the 
Input  may  be  visual,  auditory,  chemical  ,  osmotic,  or 
electrical  in  nature*  .  The  output  may  be  recorded  by  the 
measurement  of  the  electrical  potential  on  the  surface  of 
the  brain  (or  externally),  by  the  pressure  of  the 
cerebrospinal  fluid,  or  by  the  changes  in  chemical 
concentration  found  In  the  brain  of  certain  compounds.  The 
total  picture  of  how  the  brain  functions,  depends  upon  many 
factors,  and  thus,  to  elucidate  brain  function  one  must 
study  multiple  parameters  rather  than  just  one  or  two. 

The  presence  of  taurine,  one  of  the  major  amino  acids,, 
in  excitable  tissue,  especially  In  the  central  nervous 
system,,  leads  one  to  question  why  such  high  concentrations 
of  this  compound  have  been  placed  in  the  brain  by 
evolution.  The  apparent  stabilizing  effect  that  has  been 
demonstrated  In  several  different  species  of  mammalian 
brain  and  In  different  cellular  preparations  in 
invertebrates  leads  one  to  wonder  what  the  actual 
stabilizing  action  that  this  compound  exerts  on  the 
membrane  system.  There  are  several  different  approaches 
that  one  could  take  in  trying  to  understand  taurine's 
effect  on  the  brain.  Mere  we  take  the  approach  that  would 
apply  our  previous  work  done  in  this  laboratory,  namely  a 
q u a n  1 1 1  a t  i  v e  a  s s a y  o f  the  b  r a  I n  I  n  no  rm a  1  and 
hyperexc! table  states,  !,e,  the  experimental  epilepsies. 
This  would  seem  to  give  the  most  definitive  information   on 
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the  action  of   this   compound  on   the   stability  of  the 
membrane  electrical  activity. 

The  use  of  epilepsy  as  a  model  to  test  the 
anticonvulsant  effects  of  a  drug  are  well  documented.  The 
analysis  of  the  EEG  to  determine  the  effects  of  drugs  on 
the  central  nervous  system  is  now  well  accepted,.  Goodman 
and  Giliman  (1970).  In  this  work  we  have  used  a  new  method 
of  quantitatively  analyzing  the  abnormal  EEG  with  the 
reproducable  induction  of  seizures  by  osmotic  imbalance. 
Thus  one  can  test  the  i  n-Vi vo  changes  of  the  endogenous 
levels  of  taurine  in  the  brain  during  controlled  and  thus 
reproducible  and  quantitative  states  of  hyperexci tab  11  I ty. 
!t  is  expected  that  with  a  better  knowledge  of  the  way 
that  the  amount  of  this  compound  varies  during  the  course 
of  a  seizure/  that  insight  as  to  how  the  compound  may 
influence  the  excitability  of  the  brain  will  become 
evident.  'With  this  type  of  information  it  should  be 
posible  not  only  to  evaluate  the  present  models  for  the 
membrane  but  also  any  model  of  epilepsy/  whether  at  the 
cellular  level  or  at  the  system  level.  Furthermore,,  one 
should  then  be  able  to  deduce  the  means  by  which  taurine 
exerts  Its  controlling  (inhibitory)  action.  As  in  a  "black 
boxn  or  systems  analysis  one  can.  deduce  a  series  of 
possible  equations  that  should  characterize  the  black  box 
(system)  input-output  relationships.  However,  without  a 
knowledge  of  the  Internal  details  of  the   system,   one   can 
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never  really  understand  the  actual  operation  of  the  system. 
This  is  especially  true  of  the  brain  and,  therefore.  It  is 
truly  essential  to  b i oeng i neer i ng  to  understand  the 
functional  basis  and  detailed  mechanisms  of  the  nervous 
system.  Thus  eventually  the  better  understanding  of  the 
function  of  the  brain  depends  upon  knowing  its  major 
constituents  and  their  roles  in  the  total  system.  The  use 
of  chemical  as  well  as  physical  techniques  to  gain  a 
better  understanding  of  this  system  is  not  merely  justified 
but  essent  ia 1 , 

Detailed  Rationale 

The  EEG,  in  as  much  as  it  reflects  the  electrical 
activity  of  the  brain,,  is  a  measure  of  the  electrical 
activity  of  the  neurons  and  ul t imately  the  cell  membranes* 
it  is  a  reflection  of  surnmated  potentials  originating  in 
the  nerve  cell  membrane.  Thus  in  a  gross  manner  the 
measurement  of  the  EEG  is  a  measurement  of  the  electrical 
activity  of  the  cell  membrane,.  Since  taurine  has  been 
shown  to  affect  the  EEG   and   the   behavioral   response   of 


an  !  ma l s 


it   seems    valid   to  question  the  role  played  by 


this  anionic  species   in  the  el ect rogenes i s   of   the   nerve 
membrane  potential  and  in  the  generation  of  the  EEG. 


)  e  g  I  n  n I n  g   t  o  a  n  s  w e  r  t  h e  question  of  w  h  y  taurine  is 
present:  In  t h e  nervou s  s y s t e m  o f  s o  ra a n y   a n  i m a  1  s ,   one   is 
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confronted    with   the  following  three  considerations. 

First,  taurine  is  one  of  the  most  concentrated  compounds  in 

the  nervous   system   of  most  species.   Where  it  is  not  in 

such  high  concentrations  its  metabolic  product  ISA,  and   in 

a   few   cases   glycine,.    are    in   compensating]  y   high 

concentration.   Secondly,.   in   reviewing  others'   work  on 

heart,    one   observes   a    relation   between    taurine 

concentration   and   abnormal    versus   normal    activity 

(dysrhythmias)  of  the  heart.   Taurine  has  been  suggested  as 

a  cardiac  ant iarrythmic  for   use   in   animals   and   humans. 

Most   recently  other   laboratories  as  well  as  our  own  (\'ar, 

Gelder  (1972)  and  Thursby  and  Nevis  (19'M)),  have  suggested 

that   taurine  may   be  of  use  in  the  control  of  seizures  in 

animals  and  humans.   The  evidence  presented  points   to   the 

hypothesis   that   taurine   has   a  stabilizing  effect  on  the 

excitable  membrane  whether  it  is  in  the  heart  or  the   brain 

or   possibly   other   tissue   such   as   voluntary  muscle. 

Thirdly,  the  normal  body  level   of   taurine   must   in   some 

manner   control   the   stability  of  the  nervous  membrane  and 

consequently  the  electrical  activity   of   the   brain   as   a 

system.   For  example,  circulating  potassium  ion  levels  play 

a  key  role  in  many  tissues,  especially  in   heart.    Taurine 

may   act    to  prevent  a  sudden  massive  release  of  potassium 

from  the  large  muscle   masses.    (This   may   be   especially 

significant  In  certain  myopathies). 


From  this  basic  point  St  is  seen  that  taurine  must  have 
some  fundamental  role,  and  such  a  role  should  be  relatable 
to  various  parameters  through  specific  biophysical 
principles  of  known  membrane  potential  generation  Nernst 
(19085,  Hodgkin  and  Huxley  (1952),  and  Teorell  (1952). 
Such  a  relationship  may  possibly  be  explained  by  the 
following  hypothesis. 

The  presence  of  taurine  as  a  free  constituent  of  nerve 
fibers  and  the  central  nervous  system,  as  well  as  its 
ability  to  control  the  dynamic  fluctuations  in  the  nervous 
system  leads  one  to  speculate  as  to  the  reason  for  this 
control.  The  relationship  of  i SA  to  the  anion  deficit  is 
clear.  However  taurine's  function  as  an  anion  or  as  the 
precursor  to  an  anion  has  not  been  proven  conclusively. 
Assuming  for  a  moment  that  taurine  could  act  as  an  anion 
(by  masking  the  amine  group),  let  us  look  at  the  effect 
this  anionic  concentration  might  have  on  the  membrane 
resting  potential  and  the  action  potential.  A  complete 
discussion  of  the  electrical  phenomena  occuring  at  the 
membrane  Is  contained  in  Teorell  (1953).  Consider  the 
Teorel 1 -Go 1 dman  constant  field  eqution; 


Vm=    RT    In    p k  \vX+  p \ ■) a  fN a]*  +  p CI  (c  1  ]  +  p A  fA f 

nF  p k  DO +  pN a  £n a)1  +  p C 1  \C Ij  +  p A  [A  J"  (!) 


From  first  considerations  one  would  omit  the  effect  of  the 
free  anionic  species  A-,  However  the  sodium,  potassium  and 
chloride  concentrations  are  affected  hy  the  non-diffusible 
anion  M.  if  we  assume  that  the  anionic  concentration  on 
the  inside  is  much  greater  than  the  same  species' 
concentration  on  the  outside  and  that  the  permeab i 1 i ty( pA- ) 
is  almost  zero,  then  we  can  write  from  charge  neutrality 
cons  i  de  rat  ions; 


[N  a/"  +  [K']=  (t  ]]'  +  [A]'   (Inside) 
[b'af  +  [K]°=  [C  ]]'  +  [A]*   (Outside) 


(M) 


From  Table  3-1; 


JNaf ,  [C  )]'  <  <  [Kj  \  [aT      (Inside) 
(aJ8«  [Maj^fcf,   [kT      (Outside) 


Thus; 

T  h  e  r  e f ere    i    B e  c o m  a  s ; 


Vm*  10"    In     hU    pi  JNIaT+    d2  [ciT 
nF"  fA/4    plfNaj'+    p2[ClJ" 


(Ml) 


From  f!S  one  could  expect  that  the  anionic  concentration  on 

the  Inside  of  the  membrane  would  have  a  strong  effect  on 
the  resting  potential  of  the  membrane  and  similarly  it 
wo i i  1 d  e x e r  t  a n  effect  o n  the   c o n c e n t r  a t  i o n  of   the  o t \  > e  r 


TABLE  3-1 

Constituents  of  Mammal  tan  Brain 

(Schmidt  and  Wilder  (1968)) 
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Extracel 1 ui  ar 


I  ntracel 1 ulai 


Na 

no 

K 

lftB 

K 

5 

Na 

13 

CI 

130 

CI 

8 

Mg/  Ca 

Nondi - 

etc. 

15 

fusabl e 

An  ions 

120 

All  values 

in  meq 
1 

c  t 


ionic  species  in  the  axon  or  ceil.  As  has  been  mentioned 
earlier,  it  is  not  known  how  taurine  exerts  a  control  over 
the  excitability  of  the  membrane.  However  there  are 
several  actions  which  one  could  propose.  First,  by  masking 
the  amine  group  taurine  itself  would  become  an  anion  and 
thus  have  an  effect  on  the  potential  directly.  Second, 
that  the  metabolism  of  taurine  to  ISA  although  slow,  would 
provide  the  anion  for  the  system.  Thirdly  taurine  could 
participate  as  a  fixed  charge  on  the  membrane  surface  thus 
affecting  the  total  ionic  character  of  the  membrane. 


CHAPTER  FOUR 
EXPERIMENTAL  PROCEDURES 


This  chapter  is  designed  to  describe  in  detail  the 
methods  of  experimentation  that  have  been  used  to  obtain 
the  data  to  be  presented  in  the  next  chapter.  It  has  been 
the  author's  purpose  to  provide  a  set  of  data  that  will 
allow  some  additional  insight  into  the  function  of  the 
central  nervous  system  with  particular  emphasis  on  the  role 
of  taurine  In  the  abnormal  electrical  activity  of  the  brain 
of  rats.  The  procedures  were  designed  to  give  data  on  the 
level  of  taurine  in  the  brain  at  varying  times  during  the 
electrographlc  and  behavioral  seizure  activity.  The 
correlation  of  electrical  and  biochemical  activity  is 
essential  to  an  understanding  of  the  interrelationship  that 
occurs  between  them. 
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Figure  k-1    Implantation  Scheme 
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Igure  k-2    Electrode  Assembly 
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Animal  Procedures 

Male  albino  rats  of  the  Sprague-Dawley  strain  were  used 
exclusively  in  these  experiments.  in  general  the  animals' 
weights  were  maintained  between  195  grn  and  275  gm  at  the 
time  of  experimentation.  The  animals  were  implanted  with  a 
four  element  electrode  array,  Figure  k-1,  at  a  point 
centered  on  the  bregma.  Details  of  the  implantation 
procedure  from  Thursby  (1971)  and  Thursby  and  Nevis  (1973) 
follow.  The  present  array  of  electrodes  consists  of  a 
modified  Augat  No.  8058  operational  amplifier  socket  with 
pins  of  gold-plated  brass.  The  socket  is  modified  by 
removing  alternate  pins  to  provide  a  square  array  of  four 
electrodes  four  millimeters  apart,,  Figure  h~2.  The  pin 
electrode  assembly  was  implanted  extradural  1 y,  through  four 
burr  holes  in  the  skull,  each  placed  symmetrically  two 
millimeters  from  the  coronal  and  sagital  sutures. 
Avoidance  of  any  cortical  injury  is  imperative.  The 
electrode  assembly  is  mounted  in  place  by  two  anchor 
screws(  stainless  steel,  size  000)  placed  in  the  bone  and 
covered  with  c ran  I opl ast I c  cement,  Figure  k-3.  The  animals 
were  allowed  to  recouperate,  post-operat 1 vely  for  a  one 
week  period  prior  to  experimentation. 
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Figure  4-3  Implanted  Electrode 
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Figure  if-**  Electrode  Configuration 
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The  analysis  (in  subsequent  chapters)  of  the  effects  of 
abnormal  electrical  activity  on  the  concentration  of 
taurine  in  rat  brain  were  based  on  four  duplications  of 
seven  experiments.  The  protocols  for  each  type  of 
experiment  are  described  below. 

Control  (C)  For  these  experiments  un implanted  animals  were 
sacrificed  in  a  manner  to  be  used  throughout  all 
experiments  in  this  protocol.  The  animal  became  accustomed 
to  being  dropped  from  small  distances  (i.e.  six  inches) 
several  times  before  being  dropped  head  first  into  a  dewar 
of  liquid  Nitrogen  and  held  there.  This  procedure  was 
chosen  over  decapitation  because  of  the  apparent  decrease 
In  adverse  effects  with  whole  body  freezing  rather  than 
decapitation  followed  by  freezing  of  the  head,Richter  and 
Dawson(1948). 

Control  Implant  (Ci)  These  experiments  were  designed  to 
determine  whether  or  not  the  surgical  procedures  Involved 
in  implanting  the  EEG  electrodes  might  cause  a  change  in 
the  intrinsic  taurine  level.  The  animals  were  sacrificed 
35  'n  tC)  after  having  been  implanted  with  the  electrodes 
and  allowed  to  recover  for  a  period  of  one  week. 
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Pre-Seizure  One  (XS1)  For  all  of  the  following  experiments 
the  animals  were  subjected  to  osmotic  stressing  by 
Intraperitoneal  injections  of  a  mannose  in  water  solution 
(1:1  weight:  volume).  The  injections  were  given  on  a 
schedule  of  four  percent  of  the  body  weight  of  the  rat 
(vol ume :we ight ) ,  This  procedure  is  discussed  in  detail  in 
Nevis  and  Thursby  (1973),  The  injection  time  was 
considered  as  the  starting  time  and  then  fourteen  minutes 
later  (approximately  one  half  the  time  between  the  osmotic 
shock  and  the  onset  of  the  first  seizure  activity)  the 
animals  were  sacrificed  as  in  (CK 


Seizure  One  (SI)  These  experiments  were  carried  out  by 
sacrificing  the  animals  after  the  disappearance  of  the 
behavioral  signs  from  the  first  epileptiform  seizure. 

Post-Seizure  One(SlX)  Each  animal  in  this  series  was 
sacrificed  four  minutes  after  the  cessation  of  abnormal 
behavioral  signs.  This  corresponds  to  about  one  half  of 
the  Inter  I  eta  1  period. 

Seizure  Two(S2)  These  animals  were  sacrificed  after  the 
disappearance  of  the  behavioral  signs  from  the  second 
se  izure .. 
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Post-Seizure  Two(S2X)  These  experiments  consisted  of 
sacrificing  the  animals  approximately  four  minutes  after 
the  second  seizure  activity  was  completed. 


These  protocols  were  designed  to  provide  a  set  of  data 
that  reflects  the  change  in  the  level  of  taurine  in  the 
brain  that  occurs  concomitant  with  the  changes  in  the  level 
of  abnormal  electrical  and  behavioral  activity.  The 
behavioral  activity  was  observed  visually  and  the 
electrical  activity  was  recorded  from  extradural 
electrodes  implanted  through  the  skull. 

EEG  Prpced ures 

The  rats  were  connected  via  a  shielded  cable  to  the 
amplifier-recorder  system.  The  electrode  configuration  Is 
shown  in  Figure  k-k.  A  typical  recording  is  shown  in 
Figure  ':-5«.  With  this  montage  we  were  able  to  observe  the 
electrical  activity  of  the  cortex  corresponding  to  primary 
motor  and  sensory  areas.  The  el ect rocort i cograms  were 
recorded  on  a  Grass  model  78  Polygraph,,  the  writing  speed 
was  25  mm  per  second  and  initially  the  amplifier  gains  were 
set  to  cause  a  seven  millimeter  deflection  with  an  input 
voltage  of  50//V.  The  gain  was  then  adjusted  to  give 
approximately  a  two  millimeter  deflection  during  the 
normal  alert  state.   All  animals  whose   EEC   were   recorded 
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underwent  a  control  recording  period  of  forty  minutes  prior 
to  any  osmotic  stressing.  in  addition,  as  described  above, 
a  series  of  implanted  controls  were  used  to  determine  the 
effects  of  the  implant  on  the  chemical  activity  and  to 
provide  electrograph ?c  controls  for  further 
ex peri  men tat  Ion . 

.Ex.c.i  tab  i  1  i.tv,  Scoring  Criteria 

The  EEG  recordings  were  then  processed  as  described 
below,  Thursby  and  Nev is (1973)  .  The  following  is  a 
description  of  the  scoring  criteria  used  to  evaluate  the 
EEG  recordings  for  this  dissertation.  Each  twelve  second 
period  was  scored  from  zero  to  nine,  then  twenty-five 
periods  averaged  to  give  a  mean  score  for  each  five 
minutes (300  seconds)  epoch.   These  levels  are: 

Level  Zero:  (No  overt  seizure  movements)  No  abnormal 
electrograph Ic  activity.  This  state  may  include  normal 
alpha,  beta,  theta  or  "desynchronlzed"  waveforms. 


Level  One:  (Mo  overt  seizure  movements)  Less  than  one 
second  of  spikey  burst  in  the  alpha,  beta,  or  theta 
frequency  range,  or  one  isolated  spike  with  phase  reversal 
or  small  amplitude  sharp  theta  activity. 
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Level  Two:  (no  overt  seizure  movements)  Greater  than 
one  second  but  less  than  six  seconds  of  spikey  bursts  in 
the  alpha,,  beta  or  theta  frequency  range,  or  more  than  one 
spike,  one  second  or  less  of  single  large  amplitude  delta 
waves,  or  twelve  seconds  of  small  amplitude  sharp  waves. 

Level  Three:  (no  overt  seizure  movements)  Greater  than 
six  seconds  of  spikey  bursts  in  the  alpha,  beta  or  theta 
frequency  range  or  greater  than  one  second  of  spike  and 
waves (two  to  five  waves  per  second  frequency  range),  or  a 
single  fast  burst  of  high  amplitude  (one  hundred 
microvolts),  alpha  or  greater  than  one  but  less  than  six 
seconds  of  high  amplitude  delta,  or  less  than  six  seconds 
of  burst  supression  or  isoelectric  response. 

Level  Four:  (no  overt  seizure  movements)  Greater  than 
one  second  of  spike  and  waves,  or  greater  than  six  seconds 
of  single  delta  waves,  or  from  five  to  ten  seconds  of  burst 
supression,  or  isoelectric  activity  or  twelve  seconds  of 
very  spikey  alpha,  beta  or  theta  activity,  or  ten  seconds 
of  spiking  activity. 

Level  Five:  Equivalent  to  Level  Two  with  the  addition 
of  focal  seizure  movements  (  myoclonic  jerk,  clonus, 
automat  isms ) . 
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Level  Six;  Equivalent  to  Level  Three  with  focal 
seizure  mivements. 

Level  seven;  Equivalent  to  Level  Four  with  focal 
seizure  movements. 

Level  Eight:  Equivalent  to  Level  Four  with  generalized 
seizure  movements (Ton ic,  toni c-cl on ic, clonic)  for  less  than 
twelve  seconds. 

Level  Nine:  Generalized  seizure  movements  for  twelve 
seconds . 

It  should  be  emphasized  that  the  above  scoring 
algorithm  is  devised  for  experimental  research  studies  in 
which  very  severely  abnormal  EEG  patterns  can  be  produced 
in  a  controlled  manner.  These  rules  are  of  course  not 
directly  applicable  to  clinical  diagnostic  evaluation  in 
their  present  form. 

Behavioral  Scoring; 

In  evaluating  the  overall  neurologic  state  of  an  animal 
one  must  consider  the  behavioral  activity  as  well  as  the 
electrical  activity.  Thus  we  also  consider  the  following 
parameters'  sleep,  'wakefulness  and  behavioral   performance. 
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_M  o  r  Q3  a  1  mo  v  e  m  e  n  t  s 

Walking  is  considered  normal  if  the  animal  appears 
relatively  relaxed  and  awake,  by  visual  observation.  All 
other  normal  animal  movements  are  grouped  together  to 
include  grooming/  chewing,,  scratching  and  head  movements. 
Some  repetitive  movements  of  chewing,  grooming  or 
scratching  may  indeed  be  abnormal,  as  discussed  below. 


Sleep  and  wakefulness 

Wakefulness  is  subdivided  for  our  work  into  two 
categories:  awake  and  drowsey.  The  animal  may  drift  into 
sleep  from  the  latter  classification  and  often  it  is 
difficult  to  evaluate  except  by  typical  sleep  EEG  activity. 

Abnormal  Movements 

Abnormal  movements  include  myoclonic  jerks  (single 
muscle  jerks,  either  severe  focal  twitches  or  generalized 
single  whole  body  jerks),  focal  seizure  movements,  which 
are  repetitive  and  include  local  involvement  of  groups  of 
muscles..  This  focal  category  may  also  include  the 
"Jackson fan  Motor  March"  (The  Jackson i an  motor  march  begins 
with  focal  repetitive  activity  (focal  seizures)  and  spreads 
to  other  limbs   or   to   the   mouth   and   sometimes   to  "the 
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opposite  side  of  the  body.  it  may  or  may  not  become  a 
generalized  seizure).  The  most  abnormal  movement  is  that 
of  the  generalized  seizure  or  "fit."  This  is  characterized 
by  wide  spread  muscular  involvement  of  repetitive  or 
sustained  intense  contractions.  These  may  be  constant 
contractions  (tonic),  or  intermittent  contractions 
(clonic),  or  mixed  muscular  contractions  (ton fc-clonTc) . 
It  usually  begins  as  a  tonic  motor  activity  and  ends  as 
clonic  motor  activity  with  mixed  ton ic-c Ionic  activity 
interspersed  throughout  the  seizure.  These  contractions 
may  begin  suddenly  and  symmetrically,  or  may  develop  from 
focal  seizure  activity  as  in  the  "Jackson ian  March" 
described  above. 

Automat  Isms 

Automatisms  are  another  type  of  abnormal  movements 
usually  involving  associated  visceral  motor  or  sensory 
activity,  such  as  chewing,  scratching,  or  teeth  baring,  or 
"hunching."  These  are  repetitive  and  must  be 
differentiated  from  normal  chewing  or  scratching  or  other 
movements  by  their  inappropriate  and  stereotyped 
appearance.  These  movements  are  considered  normal,  unless 
clearly  associated  with  seizure  activity. 

For   the   total   algorithm   the   animal  is  evaluated  on 
•movement,  decree    of  wakefulness,  and   electrical   activity. 


69 


For  abnormal  activity  both  electrical  data  and  abnormal 
movement  data  are  recorded  on  the  excitability  scale  zero 
to  nine,  zero  being  no  abnormal  activity  and  nine  being 
generalized  seizure  type  waveforms  and  movements. 

The  evaluation  of  the  EEC  during  large  body  movements 
of  the  animal  may  present  a  serious  problem.  The  EEG  is 
disrupted  during  this  time  and  an  accurate  determination  of 
the  electrical  activity  of  the  brain  is  not  available.  At 
present  it  is  evaluated  as  a  level  zero  unless  the 
movements  are  clearly  epileptiform. 

Ana  1  y s j s.,  scheme, 

The  entire  data  was  first  analyzed  according  to  the 
scoring  algorithm  in  twelve  second  epochs  and  scored  for 
each  epoch.  These  scores  were  in  turn  averaged  over 
twenty-five  epoch  (five  minutes).  The  data  was  then 
plotted  and  used  for  further  evaluation  of  the  excitability 
level  of  the  electrical  activity.  The  EEG  score  was  used 
as  an  indicator  of  the  severity  of  the  seizure  as  well  as  a 
measure  of  the  progress  of  the  experiment. 


Ch  em  i  c  a  1  Procedures 
At  the  conclusion  of  each  experiment  the  animal  was 
frozen.  The  head  was  severed  from  the  body  and  stored  at 
zero  degrees  centigrade  until  chemical  analysis  could  be 
carried  out.  To  facilitate  removal  of  the  brain  from  the 
head  the  head  was  refrozen  to  liquid  nitrogen  temperatures 
at  the  time  of  extraction. 


The  head  was  split  along  the  saggital  plane  and  the 
brain  was  removed.  The  cerebellum  was  separated  and  stored 
for  future  analysis.  The  cerebellum  was  not  included  in 
this  series  of  experiments  as  it  was  felt  that  the  cortical 
activity  would  have  a  minimum  effect  on  the  cerebellar 
activity  one!  by  eliminating  the  large  "constant" 
concentration  of  this  section  of  the  brain  it  would  make 
the  dynamics  (If  any)  of  the  cerebrum  more  prom i nan t.  The 
cerebrum  was  placed  in  a  cold  pre-weighed  homogen ! zat ion 
tube  and  weighed  to  determine  the  tissue  weight,  A  known 
amount  of  alpha  amlno-n-butyr tc  acid(AEA)  dissolved  in 
trichloroacetic  add  (TCA)  was  then  added  to  the  tube  as  an 
Internal  standard.  !n  addition,  enough  TCA  was  added  to 
bring  the  volume  to  approximately  five  ml.  The  tissue  was 
homogenized  at  ice  and  water  temperature  for  three  minutes. 
The  hom-jgenate  was  transferrer!  with  five  one-mi  al  Iquots  of 
TCA  Into  two  fifteen-ml  centrifuge  tubes.  The  material  was 
then  centrifuged  at  3100  R.P.H.  for  five  minutes.  The 
supernate  was  withdrawn  with  a  one-nil  pasteur  pipette  and 
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placed  In  two  twenty-ml  capped  centrifuge  tubes.  Two  ml  of 
fresh  TCA  was  added  to  each  pellet  of  precipitate  and  the 
material  was  resuspended.  This  mixture  was  then 
recentr i fuged  as  above  for  five  minutes.  The  supernates 
were  pooled  and  five  ml  of  dry  di-ethyl -ether  was  added  to 
each  tube.  The  tubes  were  then  capped  and  shaken  gently 
for  five  minutes.  The  sample  was  then  centrlfuged  as  above 
for  five  minutes.  The  lower  aqueous  phase  was  removed  by 
pipetting  and  placed  in  a  vacuum  flask.  The  sample  was 
frozen  and  evaporated  to  dryness.  The  residue  was 
redisolved  in  25.0  ml  of  0.01  N  HC1.  This  solution  was 
filtered  through  a  0.^7  micron  filter.  The  filtrate  was 
then  refrigerated  until  analyzed  on  a  JEOL  model  JLC-6AH 
automatic  amino  acid  analyzer. 

Analysis  of  the  Chromatotrram 

The  use  of  an  internal  standard  al pha-amino-n-butyr i c 
acid  (ABA)  provides  internal  checks  for  losses  du.e  to 
spillage,  error  in  dlllution  of  the  sample  and  volume 
differences  of  the  injection  al Iquots  on  the  column.  The 
first  procedure  necessary  in  the  use  of  Internal  standards 
is  to  pic!;  the  appropriate  compound  that  does  not:  occur  at 
a  detectable  level  in  the  tissue  (brain)  naturally.  Using 
a  "control"  animal  it  was  determined  that  ABA  would  be  best 
for  the  standard,  since  its  endogenous  level  did  not 
produce  a  deflection  on  the  chromatogram   in   the  dilution 
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that  we  would  be  using  for  the  analysis.  The  concentration 
of  the  standard  should  be  about  the  same  as  the  species  to 
be  measured  (  assuming  the  molar  response  of  the  individual 
species  is  about  the  same).  For  this  reason  we  picked  a 
concentration  of  2.5  micro-moles  per  milliliter  of  TCA 
using  one  ml  al iquots  per  sample.  Next,  a  standard  curve 
was  plotted  expressing  the  relationship  between  the  ratio 
of  the  area  of  the  taurine  peak  to  the  area  of  the  ABA  peak 
versus  the  concentration  of  taurine.  This  relationship 
appears  to  be  a  straight  line  as  shown  in  Figure  **-G.  The 
line  has  a  slope  of  0.6  78  and  a  Y- intercept  of  0.15^. 
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CHAPTER  FIVE 
RESULTS 


In  this  chapter  the  data  that  v.'as  derived  from  the 
experiments  described  in  chapter  four  will  be  presented,, 
in  the  following  chapter  the  validity  and  implications  of 
the  data  will  be  discussed. 

EEG  Data 

Figure  5-la,b,c  and  d^  show  the  excitability  scale 
plots  for  control   experiments   Ci-1   through  h.  This 

experiment  was  designed  to  test  the  variability  of 
excitability  between  animals  as  well  as  the  variability  of 
the  taurine  level  between  "identical"  animals.  The  overall 
average  excitability  (EEG)  score  for  this  set  of 
experiments  was  0.19.  The  next  series  of  experiments  was 
designated  XSI-'i  through  k.  In  this  series  the  goal  was  to 
test  the  brain  taurine  content  prior  to  the  first  seizure 
but  after  the  administration  of  the  osmotic  agent 
(mannose).  These  results  are  presented  in  Figure  5-2a„b,c 
and  d.  The  arrow  on  the  x-axis  is  to  indicate  the  time 
when   the   osmotic   agent   was  administered.   The  first  two 
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animals  seemed  to  exhibit  a  higher  excitability  level; 
however,.  this  is  attributable  to  biological  variations. 
The  average  score  before  the  seizure  was  0.13.  The  next 
series  of  experiments  designated  SI  Figure  5-3,  were  used 
to  measure  the  level  of  taurine  in  the  brain  during  the 
first  seizure.  The  average  pre-seizure  level  of 
excitability  was  C.09.  The  actual  peak  levels  during  the 
respective  seizures  were  6.4,  3.56,  1.64  and  7.68.  The 
seizures  occured  approximately  thirty  minutes  after  the 
administration  of  the  osmotic  agent.  Figure  5-4a,b,c  and  d 
show  the  excitability  results  for  the  series  of  experiments 
designated  S1X-1  thru  4.  This  set  of  experiments  Ss 
designed  to  test  the  taurine  level  in  the  brain  during  the 
period  following  the  first  overt  seizure.  The  animals  we  re- 
sacrificed  four  minutes  after  the  seizure  had  ceased,  The 
reduction  of  the  excitability  level  is  not  evident  simply 
because  the  time  required  to  sacrifice  the  animal  is  less 
than  one  scoring  epoch.  The  average  pre-seizure 
excitability  level  was  0.33;  the  average  peak  level  was 
4.82.  Again,  seizures  occured  about  thirty  minutes  after 
the  administration  of  the  mannose.  in  the  next  set  of 
graphs,.  Figure  5-5a,b  ,c  and  d,  the  excitability  results 
for  experiments  S2-1  thru  4  are  presented.  The  first 
seizure  occured  approximately  thirty  minutes  after  the 
injection  of  mannose  and  the  second  seizure  occured  about 
eight  minutes  after  the  first.  The  average  excitability  of 
these  experiments  prior  to  the  seizure  was  0.21  the  average 
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peak  level  attained  during  the  seizure  was  5.12,  These 
data  showed  the  typical  excitability  response  to  the 
osmotic  agent.  For  experiments  S2X~lthru  k  the 
excitability  levels  are  plotted  in  Figure  5-6a,b,  c  and  d, 
They  also  show  typical  osmotic  stressing  response.  The 
double  peaking  that  is  evident  in  two  of  the  plots  is  due 
to  the  fact  that  the  animals  we  re  allowed  to  experience  two 
seizures  prior  to  sacrifice.  The  peaking  of  the  other  two 
seizures  is  due  to  the  averaging  time  that  is  used  with 
this  method.  The  average  pre-seizure  excitability  level 
was  0.203,  with  an  average  peak  seizure  response  of  k.9  on 
the  excitability  scale. 

Figure  5-7  shows  the  excitability  plot  of  an  animal 
that  underwent  no  overt  seizure  activity  and  only  slightly 
abnormal  electrical  activity  for  a  period  of  one  hour  and 
thirty  minutes  after  the  administration  of  the  osmotic 
agent.  Figure  5-3  shows  the  excitability  plot  of  the 
animal  that  was  observed  to  have  undergone  almost 
continuous  seizure  activity  without  the  osmotic  stimulus. 


Figure    5-9    shows  the    relationship   between   the 

concentration  of  taurine  in  the  brain  and  the   progress   of 

an   osmotically   induced  seizure.    The  variability  of  the 

data  is  indicated  by  the  standard  deviation  limits. 
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Flgure5-*10  shows  a  plot  of  the  peak  excitability  of  the 
individual  experiments  versus  the  concentration  of  taurine 
in  the  individual  brains.  The  line  plotted  in  this  figure 
represents  the  linear  regression  line  for  the  data.  The 
correlation  coefficient  for  the  data  is  0.07. 

Figure5-ll  is  a  plot  of  the  average  excitability  level 
of  the  pre-setzure  activity  of  the  Individual  experimental 
animals  versus  the  concentration  of  taurine  in  the  brain. 
The  line  plotted  in  this  figure  represents  the  linear 
regression  line  for  the  data.  The  correlation,  coefficient 
for  the  data  is  0.70.  Table  5-1  summarizes  the  pertinent 
biological  data  for  all  experiments. 
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CHAPTER  SiX 
DISCUSSION  AND  CONCLUSIONS 

The  purpose  of  this  chapter  is  to  discuss  and  evaluate 
the  evidence  presented  in  the  last  chapter  and  to  present 
reasonable  conclusions  based  on  the  evidence.  It  should  be 
pointed  out  that  the  method  used  for  producing  the  seizures 
in  these  animals  gave  rise  to  HEG  activity  that  would  be 
considered  extremely  severe  If  seen  in  humans  during 
intra! eta  1  periods,  but  which  is  comparable  to  that  seen  in 
humans  during  an  acute  seizures,  The  point:  of  emphasis  is 
that  the  scored  EEG  quant itates  the  severity  of 
experimentally  controlled  seizures  In  animals,  yielding 
maximum  data  in  a  minimum  of  time,  yet  reflecting  an  entire 
range  of  seizure  activity.  Clinical  electroencephalography 
is  more  adapted  to  detecting  very  small  changes  in  the  EEG, 
and  the  possible  presence  of  epileptic  tendencies  in  a 
patient's  EEG.  Here  we  purposefully  produced  a  series  of 
severe  seizures  in  a  quantitatively  controlled  manner  with 
a  quantitative  measure  of  each  seizure.  For  this  reason 
one  should  consider  the  results  of  this  work  only  in  terms 
of  the  severity  of  the  seizures  present. 
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It  can  be  questioned  whether  the  osmotic  method  of 
producing  seizure  activity  does  indeed  produce  epileptiform 
seizures  or  in  fact  some  other  manifestation  of  other 
pathologic  changes.  There  is  good  evidence  for  the 
validity  of  this  method  of  perturbation  whether  the  route 
of  administration  is  through  the  peritoneal  cavity  or 
through  an  intravascular  route,  Nevis  (1970).  In  addition, 
the  manifestations  of  the  seizures  both  el ectrographical 1 y 
and  behaviorally  are  so  strikingly  similar  to  human  as  well 
as  other  animal  experimental  epilepsies  that  there  seems 
virtually  no  doubt  that  this  method  of  experimental 
induction  of  epilepsy  is  indeed  influencing  the  water  and 
electrolyte  balance  of  the  brain  to  cause  experimental 
epilepsies  that,  are  very  close  to  the  actual  phenomena  that 
are  the  basis  for  true  epileptic  attacks  (Thursby  and  Nevis 
(1973)  and  Nevis  and  Thursby  (1973)). 

One  might  also  question  the  validity  of  the  method  with 
respect  to  the  possibility  of  the  production  of  the  seizure 
by  some  other  unrelated  link  or  mechanism,  for  example 
through  anoxia  or  through  formation  of  thromboembol i  in 
cerebral  vessels.  Such  an  alternative  is  not  supported 
since  in  four  quite  different  types  of  experimentally 
induced  epilepsies  the  effects  of  taurine  on  the  severity 
of  the  seizuro  has  been  tested  and  are  are  indeed  quite 
parallel.  Thus  the  effects  seen  with  the  method  used  in 
this  dissertation  are  identical  to  the   effects   seen  when 
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such  conviil  sants   as   cobalt  powder  and  Metrazol  are  used. 
The  fourth  type  of  induced  seizure  was  that  of  electrically 

induced  convulsions  (Thursby  and  Nevis  (197*0). 

Vie  have  shown  thai:  the  taurine  level  in  rat  brain  does 
not  change  significantly  during  the  progress  of  epileptic 
seizures.  This  data  is  similar  to  the  data  reported  for 
glutamate,  glutamine,  GABA  and  alanine  by  King  et.  al  . 
(1974).  There  are  several  different  reasons  that  could  be 
proposed  as  an  explanation  of  this  phenomenon.  First  the 
level  of  taurine  might  not  be  important  in  the  activity  of 
the  tissue  during  the  seizure.  This  is  highly  unlikely  but 
one  must  nevertheless  consider  the  possibility.  Secondly 
the  effect  of  rnetabol  ism  of  the  nervous  system  on  the 
concentration  of  taurine  may  require  many  hours  to  respond 
to  a  given  stimulus  and  effect  a  concentration  change.,  one 
way  or  another,,  The  mode  of  change  of  the  endogenous  level 
of  taurine  may  require  more  than  the  few  minutes  that  are 
required  for  the  epileptic  attack  to  run  its  course. 
Thirdly  there  may  be  a  mechanism  that  carefully  controls 
the  level  of  taurine  in  the  brain  and,  therefore,  only 
extremely  severe  alteration  of  the  biological  system  would 
lead  to  e  change  of  the  endogenous  taurine  level.  Fourthly 
there  may  be  a  condition  where,  although  there  is  no  net 
change  in  the  taurine  level  during  the  seizure,  there  might 
indeed  be  a  large  change  in  the  turn  over  of  taurine  by 
increased  anabolisrn  in  parallel  with  a  increased  catabolism 


of  taurine  at  the  same  time.  Finally  the  effect  that 
taurine  exerts  on  the  membrane  might  be  due  to  Its  ionic 
character  in  solution  and  not  to  Its  metabolic  activity  and 
thus  there  may  be  no  need  for  the  compound  to  be  added  to 
or  removed  from  the  system  but  instead  taurine  may  simply 
be  associated  with  or  dissociated  from  a  prosthetic  group 
on  the  membrane.  This  association  might  be  loose  enough  to 
allow  taurine  to  be  essentially  free  for  chemical 
anal ys  J  s . 

There  seems  to  be  no  simple  correlation  between  the 
brain  level  of  taurine  and  the  peak  level  of  the  abnormal 
EEG  activity.  This  indicates  as  was  stated  above  that  the 
actual  seizure  does  not  detectably  affect  the  level  of 
taurine  in  the  brain.  This  could  also  support  the 
hypothesis  that  there  is  no  net  change  of  taurine  content 
in  the  brain.  This  may  also  be  indicative  of  the  fact  that 
the  peak  level  of  abnormal  electrical  activity  may  not  be 
the  best  measure  of  the  total  effect  of  the  seizure. 


In  the  present  work  there  is  good  correlation  between 
the  level  of  taurine  and  the  average  level  of  the 
excitability  plot  prior  to  the  seizure  activity.  This 
appears  to  point  to  the  same  concept  that  has  been 
suggested  by  experiments  on  the  effects  of  injected  taurine 
on  the  seizure  susceptab i 1 i ty  of  different  species  in  the 
animal   kingdom   (namely   that   higher   taurine   levels  are 
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accompanied  by  less  epileptic  activity).  Indeed  this 
suggests  that  the  individual  animal  whose  endogenous  level 
of  taurine  is  high  show  fewer  effects  from  the  surgery  as 
manifested  in  slightly  abnormal  EEG  activity.  One  could 
interpret  this  data  slightly  differently  and  say  that  the 
surgical  procedures  Induced  varying  levels  of  abnormality 
into  the  system  and  that  the  taurine  level  reflected  tills 
change.  The  evidence  for  the  first  hypothesis  is  much 
stronger  (i.e.  the  ant i-convul sant  activity).  This  would 
also  be  comparable  with  the  data  that  indicates  that 
taurine  turnover  is  slow.  Thus  the  effects  of  changing  the 
level  of  taurine  would  be  seen  in  a  period  of  a  few  days  or 
hours  but  not  in  just  one  hour.  In  other  words,  the 
mechanism  by  which  taurine  exerts  its  quieting  force  may 
require  a  relatively  long  period  of  time  for  its  effect  and 
thus  the  effects  of  the  surgery  could  be  controlled  in  the 
animals  by  endogenous  level  shifts  of  taurine  over  the  post 
operative  recovery  period  of  one  week.  However,  in  the 
short  term  experiments  where  the  excitability  level  was 
raised  rapidly  the  time  constant  of  the  taurine  action  was 
too  great  to  allow  the  taurine  to  affect  the  overall  system 
response.  This  hypothesis  is  also  strengthened  by  the  fact 
that  as  mentioned  earlier  in  the  historical  review  there  is 
evidence  that  the  level  of  taurine  does  not  change  rapidly 
even  after  death.  This  hypothesis  would  suggest  the  need 
to   seek   a   genetic   variation  in  taurine  metabolism  which 


would  most  likely  appear  in  a  naturally  occuring  epileptic 

strain  of  mice  or  rats. 

There  Is  also  the  possibility  that  the  mode  of 
effecting  the  change  In  taurine  level  may  be  through 
absorption  and  release  of  taurine  from  the  brain  to  the 
blood  and  total  body  system  and  vice  versa.  Urquhert  et 
fl,1r«.  (1974)  showed  that  there  is  an  equlibrium  established 
between  the  brain  and  the  blood  level  of  taurine  in 
animals.  This  hypothesis  would  involve  the  blood  brain 
barrier  and  Its  permeability  to  different  species  including 
taurine.  Thus  the  glial  cells  of  the  brain  may  be 
responsible  for  the  control  of  the  brain  levels  of  taurine. 
Considerable  and  detailed  studies  need  to  be  done  to 
clarify  this  point:,,  including  tracer  studies. 

Even  though  the  level  of  taurine  does  not  change  during 
seizures  in  rats  this  does  not  preclude  the  possibility 
that  another  chemical  species-  might  change  drastically 
during  the  seizure,  and  yet  be  related  to  taurine 
metabolism,  For  example,  ISA  may  depend  completely  upon 
taurine  for  its  origin  but  the  change  in  ISA  level  need  not 
be  significantly  reflected  in  the  taurine  levels.  Tracer 
studies  would  be  helpful  here,  also. 

When  this  research  was  being  conceived  the  first 
implication  was  that  since  taurine  exerted  a  quieting  force 


on  the  heart  against  dysrhythmia- Inducing  drugs  like 
digitoxin  there  seemed  to  be  a  poslbility  that  a  similar 
effect  could  be  seen  with  taurine  in  the  brain,  This 
hypothesis  was  not  entirely  without  precedent  as  the  use  of 
di phenyl -hydantoi n  has  been  reported  in  cases  of  cardiac 
dysrythmias  as  well  as  its  better  established  anti- 
epileptic  effects  on  the  abnormalities  of  the  brain.  This 
would  seem  to  further  indicate  a  fundamental  role  of 
taurine  in  stabilizing  the  membrane  activity.  The  original 
motivation  for  the  study  of  taurine  was  derived  from  a 
study  of  the  anion  deficit  discovered  In  squid  axop'iasm 
thirty-five  years  ago,  Schmitt  and  Bear  (1939).  Through 
many  evolutionary  eons  mammals,  including  man,  have  evolved 
with  high  concentrations  of  taurine  in  their  brains  and  it 
is  presumably  there  for  a  reason.  The  fact  that  it  Is 
related  to  ISA  and  this  in  turn  to  the  ionic  milieu  of  the 
membrane  and  thus  to  the  generation  of  the  membrane 
potential  leads  one  to  speculate  on  the  effects  of  these 
compounds  in  the  nervous  system.  The  ant i epi 1 ept ic  effects 
of  taurine  show  that  there  is  a  strong  connection  between 
taurine  and  the  stability  of  the  membrane  and  the  nerve 
cell  electrical  activity. 

There  are  clinical  implications  from  the  data  presented 
here*  Sn  that  one  might  be  able  to  test  the  blood  level  of 
taurine  and  possibly  predict  the  proclivity  of  a  person  to 
have  seizures.   This  could  be  useful  as  a  clinical  tool   in 
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the  Identification  of  epilepsy  and  the  detection  of 
epilepsy  in  patients  that  may  not  show  any  of  the 
behavioral  signs,  and  indeed  may  be  part  of  the  basis  for 
the  fact  that  seizures  are  frequently  seen  in  various  amino 
acidurias.  There  is  the  posibility  that  the  level  of 
taurine  may  be  involved  in  the  phenomena  of  other  cerebral 
dysrythmias  such  as  Spreading  Depression  of  Leao  and  thus 
possibly  some  cerebral  migraine  attacks.  in  general  the 
identification  and  quantification  of  taurine  in  relation  to 
known  incidences  of  various  epilepsies  or  other  cerebral 
disorders  may  provide  insight  into  the  action  of  taurine  in 
the  brain- 

This  study,  of  course,  does  not  provide  an  end  to  the 
invest  igat  ion  of  the  neuro-phys  iology  of  taurine  but.  merely 
a  beginning.  There  are  many  questions  to  be  answered. 
Whether  there  is  a  strong  correlation  between  the  level  of 
taurine  and  the  abnormal  electrical  activity  of  the  brain 
must  be  investigated  by  using  '  many  different  types  of 
experiments  including  tracer  studies,  deprivation  studies, 
forced  feeding  studies,  etc.  Whether  the  level  of  taurine 
in  the  blood  will  reflect  the  brain  level  of  taurine  is  an 
Important  question  that  has  been  only  partly  answered  and  a 
more  detailed  study  should  be  carried  out,  The  use  of 
taurine  in  current  clinical  trials  should  ind i cate  'more  as 
to  the  possibilities  of  taurine  as  an  ant iepi 1 ept ic  drug. 
in  any  event,  the  understanding  of  the  nervous   system   and 
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the  neural  membrane  as  a  system  must  Include  the  mechanisms 
of  any  and  all  compounds  that  relate  to  the  stability  of 
the  membrane.  It  Is  encouraging  in  that  there  are  thus 
additional  poslbllfties  of  studying  the  cause  and  effect 
relationships  that  exist  between  the  excitability  of  the 
membrane  and  the  chemical  environment  of  each  celt.  The 
fact  that  the  presence  of  taurine  In  the  brain  Is 
significant  has  been  established  by  this  study  (and 
Independently  and  concurrently  by  others  In  different  areas 
of  research).  The  fact  remains  that  the  true  molecular 
action  of  taurine  on  the  nerve  cell  membrane  has  yet  to  be 
del i  neated. 
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